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PREFACE 


The articles im the present volume were ciiginally intended for a new edition 
in English of the well-known Herrek-Scuorenrecp “Chemie und Technologie 
der Fette und Fettprodukte”, a project which, unfortunately, had to be 
abandoned im its early stages due to the untimely death of the Editor, 
Dr. H. Scnaorsrerp. In order, however that his labours and those of numerous 
contributors should not have been in vain, it was decided to publish the com- 
pleted and projected manuscripts in the form of an annual Progress Series, 
of which this is the first volume. This has naturaily involved some change 
in the nature and scope of the original project, and in the present series the 
chemical, biochemical, physical and biophysical aspects of fats and other 
lipids will receive the main emphasis. The purely technological aspects of 
the subject will be deait with in a forthcoming companion Progress Series. 

It is intended that each section shall be an authoritative, critical and up- 
to-date survey of some special branch of this rapidly expanding subject, of 
value not only to the specialist but also to chemists, biochemists and medical 
scientists interested generally in lipid chemistry. 

Owing to the unusual circumstances surrounding the origin of this series, the 
choice of topics in the first volume has necessarily been somewhat arbitrary, 
and the Editors ask the reader’s indulgence on this score. In Volumes 2 and 3, 
which are im preparation, and in subsequent volumes a more considered 
balence will be possible. 

The Editors would like to take this op} ortunity of expressing their gratitude 
io the contributors for their pa ience and understarding in the unavoidable 
delay consequent upon the change of plan, and for their co-operation in review- 
ing and bringing their manuscripts up to date. 

The Editors and Publishers wish to dedicate this first volume to the memory 
of Dr. Hexxy Scuo9ENFELD, whose death is deplored by all who knew him and 
his work. 


August 1952. 
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THE MOLECULAR STRUCTURE 
AND POLYMORPHISM OF FATTY ACIDS 
AND THEIR DERIVATIVES 
T. Malkin 


INTRODUCTION 


ALTHOUGH OUR KNOWLEDGE of higher fatty acids zoes back almost a century 
and a half to the classical work of Cuevrevm, detailed knowledge of their 
molecular structure dates only to the surface 


e | film studies of Laxemum in 1917, and the 

x-ray investigations of pe Brocuir, Pirer, and 

Qo 


Mt tier, from 1923 onwards. 


Area/mel in 


a 


Lanxcmutr! showed thet the higher fatty acids form solid and liquid 
films on water, which can be reduced in size to a certain limiting area, beyond 
which considerable pressures are required to effect further contraction 
(Fig. la). On the assumption that such films are monomolecular layers, 
Laxoamvuir was able to show that, whilst the area occupied per molecule 
at this limiting area was practically constant at approximately 21 sq A 
for all normal saturated acids, the thickness of the film was directly pro- 
portional to the cerbon content of the acid. Consideration of his results 
in the light of the known diameter of the carbon atom led him to the view 
that these films consisted of a unimclecular layer of zig-zag hydrocarbon 
chains standing side by side, with their carboxylie acid heads in tho sur- 
face of the water (Fig.1b). This most fruitful idea could at once be extended 
to the crystalline state, which could be visualized as a pile of such solid 
films (Fig. lc). 
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It is not unlikely that this conception Jed ve Brocrit*®, Prerr’, and 
Mtrver‘’, independently, to examine soape -~d fatty acids by means of 
x-rays, and to discover in them the widely separated reflecting plenes which 
are related to the lengths of the molecules. These important results gave 
great impetus to the study of long chain compounds, and from this point 
our knowledge of the structure and polymorphism of fatty acids and their 
derivatives advanced rapidly. 


X-RAY EXAMINATION 

Both the single crystal and the powder method of x-ray investigation have 
been used for the study of fatty acids. The former is, by far, the more 
powerfil and satisfactory, but unfortunately suitable single crystals are exceed- 
ingly difficult to obtain; moreover, the x-ray photographs require considerable 
skill, time, and patience to 
interpret. The powder me- 
thod, on the other hand, 
involves a relatively simple 
technique and quickly gives 
valuable information con- 
cerning the main crystal 
spacings. It has consequently 
been much more _ widely 
used, and has proved to 
be of great value for pur- 
poses of identification, and 
also ‘n the study of poly- 
morphism. 

Although in this field 
the powJer method preceded 
single crystal studies, it will 
be more instructive to deal 
first with the results of the 
Fig. 2. Unit cell of steric acid. singie crystal method. 
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The unit cell of xearic acid 

MU LvERS has shown that the unit coll is a long monoclinic prism of dimensions: 
a == 5-516; 6 = 7-331; c = 48-S4; 8 = 63°38’ (the angle between a and ce). 
esin 8 = 43-76 A. Four molecules of stearic acid per celi (Fig. 2). 

Two stearic acid molecules, associated at the carboxyl groups, lie along 
each of the four edges of the prism, surrounding a fifth pair in the centre. 
Two of these pairs, i.e. four stearic acid molecules, belong to the unit coll, 
the remaining three pairs being associated with adjoining cells. MULurer 
showed that the carbon atoms of the hydrocarbon chains are joined to 
cach other at the tetrahedral ang!e* in the form of a plane zig-zag (Fig. 3a). 


* Later work indicates that the angle is slightly greater than the tetrahedral, namely 
approximately 116° (cf. Pirer*, Morntson and Resrrtson‘), 
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X-ray examination 


The plane cf the zig-zag is inclined to the axes @ and 6, and if the carbon 
chain be regarded as a long rod of elliptical cross section (Fig. 3d), a section 
of tie cell, perpendicular to the ¢ axis, may be represented by Fig. 3b. 


154k 


The discontinuous lines indicate the positions of the chains in the cell 
immediately above; these are slightly staggered, thus allowing ihe terminal 
methyl groups of both cells to be better accommodated. The structure 
is quite open for the volume of the carbon and oxygen atoms in each cell 
cm’, compared with the cell volume 1792-10-** cm? so that 
there is ample room for the remaining hydrogen atoms. Indeed, the presence 


is only 272-10- 


of much larger atoms does not appear to increase the cross sectior of the cell 
undu’y, bromstearic acid (Table 1, last column). 


Tabie 


9-76 4 27 | 
ee 9-41 50 | 459 50°50’ 356 | 36-2 
5-55 7-38 | 43-84 | €3°33’ | 43-7 | 36-6 
Stearolic§®. . .... 9-55 469 | 40-18 | | 3928 | 35-8 
Behenolic® . ... . 9-35 4-69 59-1 53°30’ | 47-51 | 360 
2z-Bromstearic® 4-9 43°15’ | 36:23 | 37-1 
Hexadcecane-dicarb- | 
oxylic®. 9-76 4-02 25-1 | 48°50’ | 189 | 362 


Octadccane®. 


age 


Table 1 gives the unit cel! data for monobasic acids so far investigated, 
together with that for « dibasic acid and # hydrocarbon, for comparison, 
All the crystals are built on the same pian and all the acids are monoclinic 
prismatic. The hydrocerbon differs “aly in being orthorhombic, i.e. the 
¢ axis is vertical to the base. The cunstancy of the cross-sectional area, 
2b sin 2, is striking, aud suggests a common mode of packing for the methylene 
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i 
a a 
wry 
b c 4 
Fig. 
756 25-6 | 236 | 378 
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greups of the chains. This is in agreement with the extonsive thermal 
investigations of GARNER and co-workers (cf. Kixc and Garner”, for 
summary), who found practically a constant heat cf crystallisation per 
methylene group for a wide variety of non-rotating forms of long chain 
compounds. The chains are more compact in the crystaiiine state than in 
surfave films, the respective cross-sections being 18-2 and 20-21 .10-** em?. 

It will be noted that the crystal data for stearic acid differ from those 
of lauric and palmitic in that the a and b axes are in the reverse order of 
magnitude. These two structures represent the two most important modi- 
fications cf even-membered fatty acids, namely the stable C form (lauric, 
palmitic) and the less stable B form (stearic) (see Fig.3b and c). 

The main forces holding the molecules 
together are the lateral forces between 
the methylene groups of the chains, for 
GakNER, MappeEN and RusHBROOKE™ 
have shown that the heat of crystallisa- 
tion of the terminal groups is negative. 
Consequently, the main crystal growth is 
along the a and 4 axes, and the general 
habit is to form exceedingly thin flakes 
with well-developed 001 faces (Tig. 4). 

This explains the difficulty, referred to earlier, in obtaining suitable 
single crystals for x-ray work. Fortunately, this structure is not without 
its own special advantage, for the regular layers of molecules between the 
flake surfaces lend themselves well to the determination of d, the distance 
between the 001 planes, by x-ray powder methods. 

As would be expected from the above results of GaRNnenx et al., the 001 
planes which consist of terminal methyl groups are the best cleavage planes 
of the crystal. 


X-ray powder photographs 

Powder photographs usually exhibit a somewhat complex system of lines 
due to reflections from al! the main planes of the crystals. They are of 
considerable value for purposes of identification, and for indicating changes 
in structure, but except for crystals of high symmetry, their interpretation 
in terias of the unit cell is a matter of some difficulty. 


Long spacings 

In the case of long chain compounds, however, there is a simplification 
due to the fact that the mclecules are so long, compared with their width; 
consequently, the 001 planes, across which they lie, are much more widely 
separated than all others, and give rise to reflections which are readily 
identified. Moreover, since long chein compounds crystallise in flakes, with 
the 001 planes parallel to the flake surface, a specimen pressed lightly on 
to a flat surface, is ideally oriented for reflections from these planes, and 
usually gives rise to them exclusiveiy. The distance between these planes 
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A 
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angle is also the inclination of the 
long chains to the 001 planes. It 
was shown by Pirer and Grinp- 
LEY? for soaps, by Miurer* for 
fatty acids, and by MiLier and 
for hydrocarbons that 
the long spacings, plotted against 
the number of carbon atoma in the 
compound, fall on a straight line, 
and this is true for all homologous 
series, provided that spacings of 
comparable crystalline forms are 
plotted. Thus, spacings of odd and 
even members of a series, or of 
different polymerphic forms, may 
fall on different straight lines (see 
Fig. 5a). From the slopes of these 
lines, which give the increments in 
the long spacing per carbon atom, 


Long spacings 


X-ray ¢xamimstion 


is terined the “long spacing” (d); it is related to the c axis of the unit cell 
by the equation d = ¢ sin f, where f is the monoclinic angle (cf. Fig. 2). This 
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Fig. 5a. Long spacings of fatty acids. BC (even), 


B’ C’ (odd). 
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of any smatler increment, i, to this maximum value. gives the sine of the 
angle of tilt, i.c. i/1-3 = sin The intercept of these lines at C=0 is a 
measure of the contribution of the end groups to the long specing. As a 
simple illustration, the hydrocarbon, octadceane, may be considered. This 
ean be regarded as IS methylene groups and two terminal hydrogen atoms, 


it is easy to determine the inclination of the chains to the 001 planes. An 
increment of 1-3 A (the maximum found experimentally) (see also Fig. 3a) 
indicates that the molecules lie vertically across tl.e planes, whilst the ratio 
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and since the tilt of the chein (f) is known to be 90°, the contribution of 
the methylene groups to the long spacing is 181-3 A = 23-4 A. Minver® 
gives 25:6 A for the long spacing, so that the terminal hydrogen atoms 
contribute 2-2.A, a distance which is practically identical with the inter- 
cept of the hydrocarbon line at C -- (cf. also and 
for ketones.) (See Fig. 5b for variations in intercept.) 

The linear relationship between long spacings and carbon content is 
ciearly of importance for purposes of identification, particularly for higher 
members of homologous scrics, where m.p. differences become small. The 
work of Pirer etal.'* (hydrocarbons), Francis etal.” (fatty acids) and Prrer 
and (faity acids, alcohols, and ketones) well illustrates 
this application of the x-ray method. 


SHEARER intensify variations'*s 


A consideration of the long spacings data of various homologous series shows 
that there are two mrin types of compounds, namely, those in which the 


Hydrocarbon fotty acid 


001 planes are separated by single molecules (hydrocarbons, ethyl esters, 
ketones except methyl ketones) and those in which the planes are separated 
by double molecules (fatty acids and their salts and methy] esters, aleokols, 
methyl ketones and halides). Molecules containing a highly polar terminal 
group, particularly one capable of hydrogen bonding, would be expected 
to belong to the second group. 

Apart from the magnitude of the spacing, the two types can usually 
be distinguished by a difference in the intensities of the lines on the X-ray 
photograph. In the first group, there is normally a gradual diminution 
of intensity, passing from the Ist to the mth order, whilst in the second 
group there is a marked weakening of the even orders (sce Fig. 6). SHEaRER 
has investigated mathematically the distribution of intensities of x-ray 
spectra of long chain compounds, and has shown how the intensities are 
related to variations in the -lensity of scattering matter along the chains. 
His main conclusions wil! be understood from the following simple treatment. 

The main scattering of X-rays in long chain compourds is due to the 
electrons of the methylene groups, but at the terminal methy! groups, 
where hydrogen concentration is high, electron density is low, and there- 
foro the methyl plane is one of lower scattering power than the mein body 
of the crystal. On the other hand, the preseace ef oxygen or other heavy 
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Tang spacings. Todide. 


Long spacings, Ethyi stearate. 


Long spacings. Methyl stearate. 


Long spacings. Lourie acid, C-form, 


Long spacings. Palmitice, acid, C-form. 


Short spacings. Even acids, 4-form. 


Short spacings, Even acids, 2-form. 


Short spacings. Even acids, C-form, 


Short spacings. Odd acids, A’-form. 


Short spacings. Odd acids, B’-form. 


Short) spacings, Odd acids, C’-form. 


Short spacings. Methyl stearate. 


Short spacings. Ethyl stearate. 


Short spacings. Ethyl margarate, a-form. 


Fig. 6. Typiecet long ard short specings, 
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X-ray examination 


atoms (acids, alcohols, iodides) gives rise to planes of higher scattering 
power than the main body. With double molecules, such as acids ard alcohols, 
the two types of planes are the same distance apart end midway between 
each other, (Fig.7). Reflections will therefore be given from them for the same 
angle of incidence, but odd order reflections will be in exactly opposite 
phase whilst even order reflections will 
be in phase. Since, however, the diffrac- 
tion effects are in opposite sense, that 
is, due to a deficit or to an excess of 
electrons, they neutralise each other 
when in phase. Thus, if the deficit were 1 1 | | 
exactly equal to the excess, the evea 
orders would disappear. SHRAREK showed 

that, in general, a dense groups situated | | | | | 2 
I/rth way down the chain, would cause 


Hydrocarbons 


lodides 


the nth order to weaken or disappear. 


Fig. 8 gives examples of the SHEARER | | | | | 
a 

effect and a further beautiful illustra- 

> Fig. 8. Hydrocarbon. Weak methyl planes only. 
tion due to Professor Pirer is given steaay diminution in irtensity. Acids, alcohols. 
in Fig. 9. This effect has obvious ap- Weak and strong scattering planes. Electron 

excess >deficit. Weak even orders. Jodides, 
plications to the solution of structural Electron density round iodine so greatly ex- 


> 3 ceeds deficit at methyl plancs that weakening 
) § IBINSON~ = 
prot lems (cf Rosi ° Pirrer and of even orders is slight. Acfone. Keto group 


CuHIBNALLS, Vrick™, way down the chain. 3rd order disappears. 


Short spacings (“side spacings’) 
Métcer‘, in his first paper on fatty acids, observed on his photographs, 
in addition to the sharp lines of the long spacings, two diffuse lines further 
out from the centre. Unlike the long spacings, these did not vary with 
the carbon content of the acids, but were approximately constant at 4-1 
and 3-7 A. Snearer®? observed the same spacings for a series of esters, 
and in a later paper on hydrocarbons MULLER and Savittr™ found similar 
spacings of 4-2 and 3-8 A, which they termed “side spacings”. Although 
this expression is in fairly common use, it will be more consistent, in view 
of the term “long spacing”, to refer to them as short spacings. 

Except in the case of glyccride studies (see Vol. II), short spacings 
have nct been so fully investigated as long spacings. They are reflections 
from planes associated with the shorter a and 6 axes of the unit ced, and 
the spacings usually reported are the strongest of a complex group. Where 
the stronger reflections have been ideatified they are known to be from 
the planes:—- 110 (B and C forms of acids; hydrocarbons), 200 (C form of 
acids; hydrocarbons), 920 (B form of acids). 

As mentioned earlier, pressed layers usually give rise to long spacings 
only, but side spacings are also obtained if the specimen ix oriented more 
at random, as for example, if a melted layer, a rod, or a packed capillary 
of the specimen is used, A rod has, in fact, a preferred orientation for short 
spacing reflection, and long spacings may be absent. 
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9ne of the main uses of the study of short spacings is in the detection 
of pelymorphic changes, for all the members of any particular homologous 
ceriez, if in a comparable crystalline form, give tise to the same characteristic 
set of short spacings (sce Fig. 6). It is true that polymorphism has frequently 
been detected by changes in the long spacing, but numerous cases of poly- 
morphism are known where the long spacing does not alter, for exampte, 
odd-membered hydrocarbons and alcohols, and 1-monoglycerides. 


Probably the most important advance arising from short spacing studies 
was the recognition of vertical rotating, or a-forms of hydrocarbons, alcohol 
and esters. Miiter*? observed that hydrocarbons changed, a few degrees 
below their m.p.s., into a form which gave a single strong short spacing 

of ~4-12 A, instead of the 

a . two normally observed. This 

involves en increase in sym- 
metry to hexagonal, a change 


difficult to visualise with 
oe 60" rigid, zig-zag chains, and 
4 


ccnelusion that the chains 

rotated as a whole, and 

ai VA behaved as long, cylindrical 

Fig. 10. Change from non-rotating to rotating forms. Rectangies rods. A similar view had 
represent cross sections through the unit cells, perpendicular to 

the jong axes of the chains, earlier been advancel by 

HenpRIcKs** to explain ano- 

malies in the structure of amylamine hydrochloride, which exhibits tetra- 

gonal symmetry. The change is illustrated in Fig. 10. Vertical rotating 

forms giving a single short spacing of “4-12 have subsequently been found 

by for alcohols and by for esters** and 1-monoglycerides™, 


€) MULLER was forced to the 


Since the forces round a rotating molecule are radially symmetrical, 
there is no tendency to tilt, and such molecuies lie vertically across the 
001 planes. Consequently, when a tilted non-rotating form assumes rotation, 
it assumes at the same time the vertical form, and there is an increase in 
the long spacing. This increase, by itseif, docs not, however, indicate s 
change to a rotating form, for vertical non-rotating forms are known (odd 
hydrocarbens and odd alcohols) which have the same long spacing whether 
rotating or not. A rotating, or a-form, can therefore be recognised only 
by the presence of a single strong side spacing of “4-12 A, and by the fact 
that it is uniaxial (cf. MALKIN”). 


Determination of crystal spacings 

The method is illustrated by Fig.11. A narrow beam of x-rays falls at 
grazing incidence on the specimen S, which is slowly rocked by a cam 
mechanisin through an angle of about 15°. Reflections, which are recorded 
on film or plate F, occur at angles of incidence 0,, 0,, 0; ete., determined 
by the Braca equation, nA =: 2dsind, where 4 is the wavelength of the 


8 


> ij 
\ 
\ 


Fig. 12. The specimen mount is inetanthy int fe the red holder 
(shown standing in cork). Rods are nia woth thee die and plunger shown 
in the foreground, 
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X-rays, n = 1, 2, 3 ete. the order of reflection, and d is the crystal spacing, 
After an exposure of from 15-20 minutes (for an x-ray tube rnnning at 
12-15 mA), the specimen is turned through 180° and a similar ex posure 
is made on the other side of the film. Fig. 12 shows a MULLER spectro- 
graph. which has been in use for many years and is still probably the best 
type for generai long chain work. 

In practice, x-rays from a Cu target, 2K, ,.,= 1-54 A are most frequently 
used, the f-radiation being filtered out by cevering the x-ray window with 
nickel foil of <+0-02 mm thickness. x-rays from Ni, Co, and Fe targets with 
Co, Fe, and Mn filters respectively, have suitable wavelengths for long 
chain work, and may also be used. The slit is 20-25mm wide by 1 em 
deep, and the front of the slit system should preferably be the same distance 
from the specimen as the latter f 
is from the film. The distance 
from spec‘men to film must 
be known accurately and it is 
usually determined by a cali- 
bration with calcite = 3-029 A, 
rock salt = 2-814 A, or mica 
= 9-845 (Ist order). For simplic- 
ity in calculation, this distance 
should be an integer, 5-10 cm Fig. 11. 
being a convenient range. 

The specimen is mounted by pressing as thu and as even a leyer as 
possible on to the centre of the plate glass mount, to give a surface of about 
lem by 5mm (where necessary, a smalier area can be used), or a melted 
layer is allowed to solidify by lightly running a slightly heated spatula over 
a pressed layer. The former usually gives long spacings only, whilst the 
latter gives both long and short. When short spacings are required. rods 
or capillaries of the specimen are used; the former may be extruded from 
a metal die, or in certain favourable cases the molten specimen can be drawn 
into a glass capillary, and ejected after solidification. Where specimens 
do nct extrude well, they may be packed into capillaries of lithium borate 
glass, cellophane, or goldbeaters’ skin. The specimens should be rotated 
during exposure. Capillaries give rise to both long and short spacings, but 
rods give rise mainly to short, although long may be present. Rods and 
capillaries are normally used with circular cameras; they should not greatly 
exceed 0-5 mm in diameter, or a correction similar to the one given in the 
following paragraph will be necessary. Rods and capillaries give good photo 
graphs in ten minutes, compared with thirty to sixty minutes for a lmyes, 
and the rod technique is therefore admirable for exploratory work on poly- 
morphism. 

In calculating the spacing, half the distance between correspomding 
lines on either side of the centre, divided by the fixed distance from specimes 
to film, gives tan 20, from which 0, sin @, and hence d, the spacing, are 
readily obtained. Owing to the variation in the thickness of the specimes 
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layer, the distance from specimen to film is indeterminate to a fraction of 
a millimetre, and although this can be adjusted by trial on the spectrograph, 
a correction which «iminishes with increasing order of reflection can be 
usefully applied. The correction involves a trigonometric relation, but for 
the small angles concerned, a linear correction is sufficiently accurate. The 
method is illustrated from an actual experiment (stearic arhydride). 


Table 2 


sin 6 
Onder sin 0 


of reflection | | = Correction® sin@ 


0-01995 0-01995 | —0-0006/1 0-01935 
3 0-05865 0-01955 | —0-0006/3 |  0-01935 
5 0-09745 9-01949 | —0-0006/5 | 0-01937 
7 O-13615 | O-OIN5 | —0-0006/7 | 0-01936 


* The correction may be positive or negative for layers. From n = 2d sin 6, d= 


n 1-54 0-77 sin@ 
sin@° 2 0-01925 39-8 A, that is, the spacing is given by dividing 0-77 by 


POLYMORPHISM 

Fatty acids—Pirer et al.*, from a study of long spacings, first showed that 
even-membered fatty acids are polymorphic, existing in two and some- 
times three modifications, each giving a different long spacing. The forms 
were termed A, B, and C, the spacings decreasing in magnitude in that 
order. A little later, p— Borr®™ obtained similar resuits for odd fatty acids, 
thus confirming earlicr observations of GARNER and Ranpa.L.™, who found 
during their thermal investigations that nonoie and undecoiec acids exist 
in two enantiotropic modifications. These results have been extended by 
several workers! *, 3%, 34,35 and are summarised as follows. 

Even acids—With the exception of capric acid, which has been found 
only in the © form, all higher acids exist in two main forms, B and C; the 
former is obtained only from solvents, preferably of the noa-polar type 
(benzene, toluene), whilst the latter is usually obtained from polar solvents 
(acetic acid, alcohol), and is always formed when the fused acids solidify. 
Myristic, palmitic and stearic acids may also crystallise in the A ferm, 
but whilst myristic is usually obtained in this form alone from non-polar 
solvents, palmitic and stearic separate as a mixture of A and C forms, under 
conditions which it has not been found possible to specify. The A form 
has not been reported for acids higher than stearic. 

When A and B forins are heated to 10 or 15°C below their m.p., they 
are transformed irreversibly, and without appreciable heat of transition, 
into the C form, which thus appears to be the stable modification. All 
forms, therefore, melt at the same temperature, that is, the m.p. of the 
C form. 

Odd acids—The polymorphism odd of acids is more complex than that of 
the even. and the Jitcrature is somewhat confusing, owing to a lack of 
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uniform nomenclature. Garner and Ranpat.™, who first showed that 
odd acids are dimorphous, used the term « for the form which first separates 
from the melt, and £ for the form into which the a-form changes on cooling. 
DE Borr™ later found that the «-forms change on ceoling into one or other 
of two forms, which he termed £, and £,, «und finally Prrer™ reported 
four forms, which he termed A’, B’, C’, and D’, in harmony with his even 
acid nomenclature. In view of the use of the term «-form to denote vertical 
rotating forms, none of which have been found in the acid series, it is prefer- 
able to use Pirer’s terminology, in which case the above a, f, and £, forms 
become C’, A’, and B’ respectively. 

The C’ form is elways the first to separate from the molten acid, and 
this changes, some 10-20 degrees below the solidifying point, into one or 
more of the other forms. The transition is irreversible from C,, upwards, 
and reversible from C,, downwards. C,; and h’gher acids always change from 
the C’ to the B’ form. which is also the form obtained from solvents, and 
acids higher than C,, have been observed only in these two forms, 


The C’ forms of C,, ard C,, acids change to A’ or B’ forms, or to a mixture 
of these, on cooling, and the same forms are obtained from solvents; but 
if a single form only is obtained, it is the A’ form for C,, and the B’ form 
for C,, acid. 


Undecoie acid, which melts only a little above room temperature, is 
usually found to be in the C’ form, but on cooling it changes reversibly 
into the A’ form. It has not been observed in the B’ form. 


Pure D’ forms have not been isolated, and conditions for their formation 
have not been determined. They are always associated with A’ or B’ forms, 
and appear to Le present in minor amounts. 


Ethyi esters—The dimerphism of ethyl esters was reported independ- 
ently by Makin *. 37, and Puittirs and Mumrorp®, who showed 
that, from the palmitate upwards, they solidify from the molten state in 
a transparent form, a, which changes to an opaque form, f, on cooling. 
The two forms were shown by x-ray investigation to possess vertical rotat- 
ing (x), and tilted (f) chains, and therefore the terras @ and #, which were 
originally given without any structural connotation, may conveniently be 
retained, since a and f are now generally accepted as meaning vertical 
rotating and non-rotating (cither vertical or tilted) (A). 


Krxe@ and Garner” found that the heat of crystallisation per methylene 
group for the « and # forms is 0-708 and 1-04 cal respectively, so that the 
heat cf transition is considerable. Consequently, heating and cooling curves 
are very suitable for the study of these changes (see Fig. 13). 

The dimorphism of this group can best be understood from a considera- 
tion of the m.p. curves in Fig. 14. M.p.s of £-forms lie on two smooth curves, 
the upper representing esters cf even acids, whilst m.p.s of a-forms lie on 
a single curve which cuts the other two. Since the higher melting forms 
must be the more stable, the dimorphism is monotropic for esters to the 
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left of the x-curve and enantiotropic for those to the right. In the cases 
of ethyl pentadecoate and eicosoate, which lie on the intersections of the 
curves, the 2- and f-forms melt so near to each other, that it is difficult 
to decide whether the changes are monotropic or enantiotropic. Ethyl 
myristate and lower members of the serivs differ from the higher, in separating 
from the melt in the opaque f-forms, and pure a-forms have not been shown 
to exist; but by stabilising the «-forms by means of homoivgous impurity, 
Pumps and Mumrorp* were able to ubtain extrapolated values for their 


roradecylate 


ffhy/ stecrate 


Temperoture 


= 16 20 a 2 4 
Time Number of carbon atoms m ester 


Fig. 18. Fig. 14. M.p. curves of ethyl esters. 


m.p.s. These authors also reported a third form of esters, which they termed 
y, but there is no x-ray evidence to support the existence of this form. 


Methyi esters—The stable forms of methyl esters crystallise in double 
molecules, which lie tilted across the 001 planes, and it appears, therefore, 
that the methyl group possesses some power of co-ordination similar to 
that cf the hydrogen atoms of the carboxyl group. From the low m.p. of 
methyl esters, this association is clearly much weaker than with acids; but 
it would account for the fact that methyl esters melt slightly higher than 
the corresponding ethyl esters. It is interesting to note that methyl ketones 
also crystallise in double molecules, whereas ethyl and higher ketones 
crystallise in single molecules. 

Apart from changes very close to the m.p., which have not heen studied 
by x-rays (see Francis and Prrrr), esters of even acids do not exhibit 
polymorphism. Esters of odd acids, however, exhibit monotropic dimor- 
phism, and separate from the melt in a form which consists of layers of 
single mclecules, tilted at an anyle of 75°. There is, however, some doubt 
concerning the true nature of this form, since GARNER and \Ktxe* find 
its specific heat to be unusually high, riz. 0-62 cal/g, which is more in harmony 
with a vertical rotating form. 

Heating and cooling curves for the odd acid esters are similar to that 
shown in Fig. 13 for ethyl stearate. 
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Table 4—Short spacings and lilts of fatty acids and their derivatives 


Odd acids A’ 


Methy! nonadecylate (double 
molecules}. . . - « 


Odd. 


Bo... 362m 3-86m 3-97w 4-live 


| Short spacings Tilts® 


Even Acids A. ........ . 3°63s 2-798 73° 45’ 
B.......... 3-95w 4-09m 4-23m 4-43w 62° 38’ 


69 41’ 


-4Im 4-6w 59° 12’ 


Ethyl stearate. . . . . ... . . 3-698 4-088 4-28w 4-46vw 62° 45’ 
Ethyl nonadecylate . . ... . . 4-128 4-28vw 4-44w. 62° 45’ 


Methyl stearate . . . . + S€9s 405s 4-58w 4-460w 61° 40° 


3-683 4-098 4-30w 4-45w 61° 40’ 


Anhydrides. Even... . ... . 3-683 4-12s 49° 54’ 
3-75w 3-97m 4-488 4 63s 46° 3’ 


BaEYER"™ first noted the alternation in the 
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Fig. 15. Alternatirg and non-alt-rnaling serics. J Tatty acids; 
II Alcohols; Todides; JV Methylesters of iatty acids; 
V Paraffins; VJ Ethylesters of fatty acids (« form). 


This striking property has naturally given 
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* Tikts calculated on the assumption that the angle between carbon atoms is 116°. 
s = strong, vs == very strong, m = moderate, w = weak. 


ALTERNATION IN Lona CompounpDs 


in.p.s of mono- and di-basic 


long chain acids, and later Biacn *! adduced evidence to show that alternation 


is a general property of long 
chain compounds, exhibited 
by other physical constants 
such as boiling point, solub- 
ility, molecular heat, refrac- 
tion and rotation, a view in 
which he was supported by 
Pauty*’ and Nexrassow*, 
On the other hand, GaRNER 
and Ryper®, and VERKADE, 
Coors and Hartman found 
no alternatior in constants 
referring to the liquid state, 


and all subsequent work supports the view of the last authors, that alter- 
nation occurs only in constants referring to the solid state. 


rise to a nuniber of theorics; 


for instance, Diacu considered that the carbon atomis are linked by alternate 
strong and weak bonds, whilst Cuy and Pauty suggested that the carbon 
atoms are alternately positive and negative. 
the chain is in the form of a tetrahedral zig-zag, and that, consequently, 
the terminal groups in even and odd chains ere respectively in the 
and “‘syn”’ positions, a view supported by Nekrassow and MULiEr®, 
These theories, however, imply that alternation occurs in all long chain 
compounds, whereas it is well known that normal paraffins, methyl ketones, 


PauLy also suggested that 


anti” 
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Alternation in long chain compounds 


primary alcohols, and a-forms of ethyl esters and mono-, di-,™ and tri- 
glycerides do not alternate (sce Fig. 15). 

Since alternation refers only to the solid state, some important crystallo- 
graphic differemee between alternating and non-alternating series might 
be anticipated, aud Marxrx pointed out**.”, witi. respect to forms stable 
at the m.p., that won-alfcrnating series possess verlical chains, whereas allernat- 
ing series possess tilled chains*, ard it appears therefore that alternation is 
caused by some effect resulting from a tilted chain. 


c a andb alternating 
Fig. 16. 


Layers of zig-zag chains admit of two extreme positions for the terminal 
methyl groups a and } ({Fig.16), which may be termed closely and loosely 
packed planes. In order to reach a staie cof lowest potential energy, the 
molecules will tend towards a rather than 6, since the former offers an 
additional possibility of a iateral contact between the terminal group, and 


* There is no recorded exception to this statement, and no evidence exists for VER- 
KADE’s** curious claim that the lower members of the alkyl malonic serics, which alternate, 
possess vertical chains, As indicated earlier, vertical chains require an increment per 
carbon atom of 3-3 A, whereas VeRrKADE, quoting the results of CosTeR and VAN DEB 
ZIEL'S, gives 1-25, 1-21, 1-11, passing from ethyl to amyl malonic acid. These vaiues 
indicate a comsiderable tilt. It should be emphasised that MALKrIN’s views refer to “long 
chain” compounds. Tho early members of any homologeus series would not be expected 
to show regularities in m.p., because of the variable interplay of latcral and terminal 
forces, and it is only when the lateral incthylene forces ovcrjower all others, and take 
charge of the crystallisation situation (usually at about C,), that regular alternatioa 
or non-altermmation would be expected to begin, 


15 


; 
| 


Tho molecular structure and jolymerphism of fatty acids and their derivatives 


the first methylene group of adjoining chains. If the chains are tilted, the 
terminal planes of even members wili be either a, or 6, but most probably a; 
but odd members will possess alternate a and b planes. If, however, the 
chains are vertical, both odd and even members have planes of the same 
intermediate type c (Fig. 16). 


Even members of a series, therefore, as a rule possess closely packed 
terminal planes and melt et a higher temperature than the odd, which possess 
alternate closely and loosely packed planes Occasionally, the alternation 
is reversed, and the odd members melt at the higher temperature, e.g. iodides. 
Possibly here the even members assume the } arrangement, but it is more 
likely that the polar terminal group is functioning as an additional methylene 
group, plus a terminal iodine atom, which would give an odd chain the 
properties of an even chain. 


X-ray evidence supports the above view; thus the intercept at C=0 
(i.e. the space occupied by the terminal groups, see p. 5) is greater :or odd 
membered acids and their methy! esters than for the even members, whilst 
for iodides the reverse is the case. 
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STEROLS 


Werner Bergmann * 


INTRODUCTION 

IN THE couRSE of his claszical studies on the composition of fats, CHEvREvTL! 
observed that the unsaponifiable matter of many animal fats contains a 
nicely crystalline compound identica! with the chief constituent of gallstones, 
which was first described by PovLLEeTrER* around 1769. To denote its 
connection with this first scurce material, CHEVREUIL named the compound 
cholesterine (chole = bile; stereos = solid). This name has been retained in 
most of the continental literature, but was changed in English publicetions 
to the more descriptive name cholesterol after BerTHELoT*® showed the 
compound to be a monovalent alcohol. CHEYREUIL’s publication marks the 
beginning of an ever-increasing fiow of communications dealing with chole- 
sterol, and already one hundred years ago Rosin and VFrRDEIL‘ could quote 
more than 100 references. By the end of last century other unsaponifiable 
compounds similar to cholesterol had been discovered in the lipids of piants 
and animals, and it had become customary to assign to them names which 
combine references to their source material and their relationship to chole- 
sterol. Thus a compound from excreta was named coprosterol (copros = 
dung), and the principal constituent of many plant unsaponifiables was 
called phytosterol (phytos = plant). Eventually the collective name of sterols 
was adopted for all crystalline unsaponifiable alcohols of higher melting 
points with properties resembling those of cholesterol. Since for a long 
time chemical criteria for a proper definition of the term sterols were 
lacking, many compounds were given the suifix sterol which in more recent 
years have been shown to belong to different classes of compounds, such 
as triterpenoids. 

During the past decades there has been isolated from animals and plants 
a bewildering number of compounds such as saponins, bile acids, alkaloids 
and hormones, which are structurally related to the sterols but differ from 
them in the number and nature of functional groups. The term steroids has 
been adopted to embrace all such structurally related compounds, and 
among them the sub-group of sterols represents today a numcrical minority. 


ConsTITUTION 
The elucidation of the main structural features of the steroids resulted from 
the arduous studies on cholesterol by Wixpavus, and on the bile acids by 
Winpavs’ discovery that sterol can be converted by a series of 
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simp!e reactions into a derivative of a bile acid proved a long-suspected 
relationship between the two groups of compounds. It made possible a 
combination of efforts toward a common goal which was reached during 
the years 1932-1934, when it was convincingly demonstrated that all 
steroids then known are derivatives of perhydrocyclopentanophenanthrene. 
One of the most decisive pieces of evidence was a hydrocarbon eventually 
shown to be (II) which Drets®* had first obtained by the dehydrogenation of 
cholesterol with selenium. Another older piece of evidence was 2-methyl- 
heptanone-2 (ITI) which Wrxpavs? had obtained by the vigorous oxidation 
of cholesterol (I). Because of its lone functional group, this ketone was 
recognized as 

CH,—CH(CH,), } 


Cholesterol 


CH,—CO—CH,—CH,—CH, 
Ill 


CH(CH;), 


Cholic Acid 


representing a side chain attached to the ring system of cholesterol. Since 
it had been shown that a terminal oxidation of the side chain entails the 
loss of an isopropyl group and the formation of a compoun’ similar to bile 
acids, the side chain of the latter was also established. Numerous other 
pieces of evidence eventually located the positions of the functional groups 
and the side chain to prove beyond doubt the structures (I) for cholesterol 
and (IV) for choiic acid, the most common of the bile acids. A detailed and 
ium: 1ating account of the absorbing experimentation and reasoning which 
led to the forraulation of these structures may be found in the authoritative 
text by Fireser and Firser®, “Natural Products Related to Phenanthrene”’. 
This book will frequently be referred to in matters going beyend the scope of 
the present review. 

Since the elucidation of the main structural fcatures of sterols and bile 
acids, steroids have Leen defined as derivatives of perhydrocyclopentanophen- 
anthrene. For practical reasons a few natural products are counted among 
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the steroids, such as the D-vitamins which do not possess an intact four-ring 
system. The justification for their inclusion rests upon the fact that they 
may be obtained by a photochemical rearrangement of sterols of known 
structure. The term steroids, however, should embrace only compounds the 
structural relationship of which to known steroids has either been definitely 
established by chemical cvidence or has at least becn made reasonably 
certain by analogics of physical and chemical behaviour. It will be shown in 
a subsequent chapter that there exists a definite pattern oi relationship 
between the physical properties and structures of steroids. Compounds which 
have been described as sterols in the literature but which show physical 
properties at variance with this pattern may @ priori be regarded as of non- 
steroidal nature. 

Once the carbon skeleton of the steroids had been established, the way 
was opened for the clucidation cf the fine structure, the configuracion at 
the asymmetric carbon atoms. Dihydrocholesterol (V), the product of catalytic 
hydrogenation of cholesterol, contains nine centres of asymmetry and is 
therefore one of 512 theoretically possible isomers, and cholic acid (IV) with its 
eleven centres is one of 2-048. Fortunately the configuration at the nuclear 
centres 8, 9, 10, 13, and 14, and also that of the side chain at 17, is identical 
in almost all natural steroids. This fact is of utmost practical importance, 
for it makes possible the conversion of more abundant steroids such as 
cholesterol and bile acids to products of greatest medicinal importance such 
as sex hormones and cortical hormones. By 1947, through the efforts of 
many investigators, the extraordinarily difficult problem of assigning relative 
configurations to all nuclear asymmetric centres had been solved beyond 
reasunable doubt®. Following suggestions made by Freser and others a 
simple system for the graphic representation of configurations was adopted. 
It uses solid lines for bonds of groups assumed to lie above the plane of the ring 
system and dotted lines for those in the opposite direction. The former bonds 
are designated as f-oriented and the latter as a-oriented. On cholestanol (V) 
the nuclear asymmetric centres form an unbroken chain of alternating B 
and «-configuration. This arrangement is the result of the trans-junctures 
of rings A/B, B/C, and C/D, and it is the one which confers the highest degree 
of planarity upon the ring system. 


CH cH 
CH’ = NCH, | 


CH, | | 
AN AN CH,—CH<O | 
CH iq aa 2 3 
OS 
7. V I 
Ho” NY Cholestano} Coprostanol 


Only the esynimetric centre at C-5 merits special consideration because 
both possible configurations are encountered among natural steroids, In 
cholesterol (I) this centre lacks asymmetry because of the presence of a 
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double bond at C-5. Addition of hydrogen to this double bond might con- 
ceivably take place on cither side of the molecule to give the C-5-«-oriented 
cholestanol (dihydrocholesterol) (V) and the C-5-f-originated epimer (VI). 
Actually the catalytic hydrogenation of A*-steroid leads practically ex- 
clusively to products which like cholestanol (V) show a-orientation at C-5. 
The same orientation is also encountered in the saturated sterols which 
are found in small amounts in the unsaponifiable fraction of animal and 
plant fats. In excrements, however, coprosterol (VI), preferably called 
coprostanol, is found which is f-oriented at C-5. The same orientation which 
results from a cis-juncture of rings A ard B is also encountered in the bile 
acids. Natura! steroids saturated at C-5 may therefore be divided into two 
groups, depending on the configuration at C-5. Those which are related to 
cholestanol (C-5-x) are referred to as the members of the allo-series, and those 
related to coprostanol and the bile acids (C-5-8) as members of the normal series. 

A common feature of natural steroids is the presence of oxygen at C-3, 
as either a hydroxyl or a keto group. The presence of a hydroxyl group 
confers asymmetry upon this position and makes possible two modifications 
which are both naturally eccurring. In cholesterol as in other natural sterols 
the 3-hydroxyl group is f-oriented, but in bile acids its configuration is a. 
The interconversion of 3-hydroxyl epimers is readily accomplished by a 
sequence of oxidation and reduction. Thus the oxidation of cholestanol (VII) 
yields cholestanone (VIII) which lacks asymmetry at C-3. Reduction of 
the keto group permits the hydrogen to add on either side of the molecule 
with the formation of 3-x- (IX) and 3-f-hydroxycholestane (VII) im pro- 
portions which depend on the acidity of the medium. Similarly coprostanol (X) 
can be converted into its epimer, 3-x-hydroxycoprostane (XII), by way 
of coprostanone (XI)*. A separation of and 3-8-hydroxysteroids is 
readily accomplished with the aid of digitonine which forms sparingly soluble 
adducts only with the latter. | 
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The differences between naturally oceurring sterols are due to variations 
of the number and Jocations of double bonds and to the number of carbon 
atoms composing the side chain. Some sterols are saturated, others contain 
one, two or three double bonds, as for example cholesterol (I), stigmasterol 
(II) and ergosterol (IIT). The degree of unsaturation is readily determined 


by titration of the sterols or 
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their esters with perbenzoic oi other per-acids, or through the determination 
of the iodine number® "4. With A’ sterols these methods are known to 
give values significantly higher than those calevlated™.1*, The double 
bonds most frequently encountered among sterols are at C-5, C-7 and C-22. 

One of the pioneers in sterol research, RernitzERk™, first called attention 
to the futility of basing the empirical formula for a sterol on the results 
of combustion analyses of the sterol and its acetate. The differences between 
the caleulated carbon and hydrogen valves for homologous sterols, their 
acetates and benzoates are Guite small and well within the limits of experi- 
mental errer of ordinary analytical techniques (sce Table 1). By introducing 
into the sterol molecule heavy atoms such as bromine, the theoretical carbon 
values of homologs are spread sufficiently far apart to make possible a 
differentiation. RermnirzErR took cognizance of this fact and based the 
empirical formula for cholesterol, C,,H,,0, on data derived from cholesteryl- 
acetate dibromide. His warnings have not always been heeded by later 
investigators who made the a priori assumption that all sterols were of the 
order C,,. It was not until 19230-1932 that it was shown by Sanpqvist™. 
and Wrixpavs"* that ergosterol is of the order C,, and sitosterols and stigma- 
sterol of the order C,,. The new empirical formulae were based on the 
elementary analyses of steryl esters such as the 3,5-dinitrobenzoates, for 
their carbon values show a spread sufficient to permit differentiation, and 
aiso on the results of quantitative saponification of the acetates. Such 
analyses are particularly valuable in the many instances where neither the 
sterol nor its esters form nicely crystalline bromine adducts. 


Table 1—Calculated compesition of mono-unsaturated sterols 
and their derivatives 


| | 

| 83-87 | 11-99) — | 83-93 ]12-08, — | 83-99 | 12-35 
Steryl acetate . . | 81-25, 11-29) — | 81-39 11-38 | — | 81-52 11 48 
Stery] benzoate. . | 53-21 10:27! — | 83-28 | 10-38 | — 83-34 | 10-49 
Steryl-m-din‘tro- | | | 

benzcate .. . | 70-31 | 8-33) — 70-67 | 847, — | 71-02 8-61 
Sterol dibromide . | 59-34 | 8-49 29-25] 80-00 | 8-63 | 25-52| 60-62 | 8-77| 27-82 
Steryl acetate 

dibromide . . . | 59-18 | 8-22 | 27-16 | 59-80 | 8-26 | 26:53 | 60-39 5-50 | 25-92 


| 


The ultimate proof that ergosterol and stigmasterol are of the order 
C,, and (,, was furnished by ozonolysis, the former affording methyliso- 
propylacetaldechyde" (ITia), and the latter ethylisopropylacetaldehyde™ (ITa). 
This evidence proved that the carbon skeletons of ergosterol (III) and stigma- 
sterol (I1) differ from that of cholesterol (I) in the presence of a methy! and 
an ethylyroup at C-24. These alkyl groups confer asymmetry upon C-24, 
aid two isomers epimcric at this point «re theoretically possible. Both 
modifications are encountered among natural sterols, and the recognition 
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of their existence greatly facilitated the understandirg of the bewildering 
complexity of sterol mixtures which have becn isolated from certain plants 
end marine animals. 

The C,, and ©,, sterols may be regarded es derivatives of C-24-methyl 
and C-24-ethylcholestano!. In order to differentiate between members of 
the two series epimeric at C-24, it is best to follow Firser’s suggestion and 
call & the configuration at C-24 present in ergosterol (III) and stigmasterol 
(II), and @ the configuration of opposite sign, which is found for example 
in campesterol (IV) ard poriferasterol (V). The proof that ergosterol and 
stigmasterol have the same configuration at C-24, t.e. that they are both 
members of the C-24-4 series, has been derived from a comparison of the 
molecular rotations of side chain fragments in which C-24 is the only asym- 
metric oxrbon atom. As shown in Table 2 differences between the molecular 
rotations of respective derivatives are of the same direction and the se:ne 
order of magnitude. According to FREvDENBERG’s rule of shift, this fact 
proves the identity of configuration at C-24"*. 


Table 2—Comparison of the molecular rotations of aldehydes from ergosteroi 
and stigmasterol 


| [MJ], of RCH(CHO)CH(CH,), 
R = C,H, 


Semicarbazone .......-. +16 


2,4-Dinitrophenylhydrazone . . — 9 
Difference . . . . —-25 


QUANTITATIVE DETERMINATION AND ISOLATION OF STEROLS 

Sterols belong to the relatively few naturally occurring organic compounds 
which can be determined quantitatively with ease and a high degree of 
accuracy. Reference has already beer made to the important fact dis- 
covered by Wixpavs” that digitionin, a glycosidic sapogenin of the composi- 
tion C.,H-,0.,, forms slightly soluble adducts with 3-f-hydroxysteroids. 
These ad2ucts which, are called digitonides, consist of one molecule each 
of stere} and digitionin. Because of their low solubility they are easily 
washed free of impurities and are therefore eminently suitable for a gravi- 
metric determination of sterols and other 3-8-hydroxysteroids. In the case 
of the sterol digitonides a multiplication of the weight of the washed and 
dried digitonide by 0-25 gives the weight of the sterol present in the sample*. 

Many fats and oils contain steryl esters of fatty acids in addition to 
free sterols. These esters do not form slightly soluble adducts with digitonin. 
It is therefore possible to determine both free and bound sterol in a sample 
of iat. For this purpose a sample cf fat is treated in ethanol with a 1% 
solation oi digitonin in 86-60% ethanol; the free sterol is precipitated as 
the dicitonide. Fur the determination of the total sterol ancther sample is 
first. saponified, and the unsaponifiable material thus obtained is treated 
with disitenin ethanol. 
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While the precipitation with digitonin is the best method fur the separa- 
tion of sterols from other unsaponifiable matter, it is rarely used in operations 
involving more than a few grams of material, and then only if other methods 
faii. Digitonin is an expensive reagent and three parts of it are required to 
precipitate one part of sterol. Fortunately several good methods are avail- 
able for an almost quantitative splitting of the digitonide into its components. 
These methods are based on the fact that in certain solvents such as pyridine 
the digitonides dissociate. Thus the concentration in vacuum of a pyridine 
solution of a digitonide affords a residue consisting of a mixture of the steroid 
and digitonin. The mixture can readily be separated by trituration with 
ether in which only the stervid is soluble**. Other less advantageous methods 
make use of the dissociation of digitonides in boiling xylene, acetic anhydride* 
or an alcoholic solution of sodium acetate. The recovery of semimicro- 
or micro-quantities of steroids is best effected by heating of the digitonide 
in a high vacuum sublimation apparatus at about 240°. Under such conditions 
the steroids distil or sublime, and the residual digitonin suffers only slight 
decom position ?5. 

Several micromethods for the determination of sterols have been de- 
scribed. The most effective method appears to be the one developed by 
ScHCENHEIMER and Sperry **. It makes use of the precipitation with digitonin 
and the LIEBERMANN-BURCHARD colour reaction (ride infra). For the deter- 
mination of free and total cholesterol in blood, a 0-2 ml sample of blood 
serum is extracted with acetone and ethanol, and cholesterol is precipitated 
from a portion of the extract with digitonin. Another portion is saponified 
and the cholesterol is precipitated with digitonin from the unsaponifiable 
fraction. The two precipitates, representing free and total sterol, are then 
treated with acetic arhydride and concentrated sulphuric acid, and the 
intensity of the colour which develops is measured by a photometer. Since 
a positive colour reaction is given only by unsaturated sterols, are since 
many sterol mixtures contain small but significant amounts of saturated 
sterols, this method does not actually determine the total sterol content. 

The amount of saturated sterol present in a sterol mixture can, however, 
be deterrained independently by a method also introduced by Scuoen- 
NEIMER?’, It is based on the observation that the bromides of unsaturated 
sterols do not form slightly soluble digitcnides. When an alcoholic solution 
of a sterol mixture is first treated with an adequate amount of bromine and 
then with digitonin, only the digitonides of the saturated sterols are pre- 
cipitated. 

The selection of methods for the isolation of sterols from animal and 
plant matter will depend on many factors, prominent among them the 
sterol content and the availability of the starting material. Gallstones 
consist almost entirely of cholesterol, and hence their extraction with ether 
is all that is necessary to obtain cholesterol of a geod quality. Since gall- 
stones, however, are not readily available in quantity, they no longer are 
of any importance as a commercial source of cholesterol. Today cholesterol 
is principally obtained from the brains and spinal chords of cattle, which 
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contain 10-20% of this sterol when calculated on a dry basis. The minced 
tissues are first treated with anhydrous calcium sulphate* or slaked lime®, 
and the mixtures are then extracted with acetone or chlorinated hydro- 
carbons. Concentration of the solvents affords the crude cholesterol. Sterols 
may also be obtained by crystallization from certain acetone-soluble oils 
such as egg-oil, soya-bean oil and sterol-rich oils from marine animals, or 
by fractionation of oils in a molecular still®. 

In other instances the preliminary isolation of oils or fats is dispensed 
with: the animal and plant material is directly saponified, and the un- 
saponifiable material isolated. Thus in the commercial isolation of ergosterol, 
yeast is heated with an alkali hydroxide with or without a solvent and 
the residue is extracted with hot alcohol*.**. Concentration and cooling 
of the extract affords crude ergosterol which is then purified by recrystalliza- 
tion from ether and alccho!l. A somewhat analogous method has also been 
used in the isolation of sterols from small animals®. 

For purposes of systematic studies of the distribution of sterols it is 
best to extract the animal or plant matter with acetone, benzene or other 
suitable solvents, to saponify the fatty fracticns thus obtained with alcoholic 
solutions of alkali hydroxides or alcoholates, and to extract the unsaponifi- 
able matter with ethers or chlorinated hydrocarbons. In many cases the 
bulk of the sterols may be obtained from the unsaponifiable fraction by 
crystallization from methanol. Occasionally, however, the sterols are mixed 
with very substantial quantities of higher aliphatic alechols and hydrocarbons 
which impede crystallizatien. In such cases the sterols are most conreniently 
separated by precipitation with aigitonin or by the use of chromatographic 
techniques. When larger quantities of material are available it is best to 
prepare first a fraction greatly enriched in sterols by removal of most of 
the contaminants in a high vacuum. Recrystallization of the residue. which 
has suffered only slight decomposition, readily affords the sterols. In cases 
were the principal contaminants are large quantities of higher hydrocarbons 
of high boiling point it is best to convert the sterols into the 3,5-dinitro- 
benzoates, which are easily seperated because of their low solubility™, or 
into the alkcti-soluble half esters of sulphuric *, 

In recent years the isolation of sterols through their addition products 
with metallic salts or oximes™ has received considerable attention, and 
some promising procedures have been developed. 

In contrast te the comparative ease with which sterols can be separated 
from other material are the difficulties encountered in the separation of 
a sterol mixture. Sterols differ in the degree of their unsaturation and in 
the shape of the chain at C-24. When compared with the structures of the 
whole molecules these differences are rather small, and it is therefore not 
surprising that many sterols show such similarities in their solubilities as 
to make difficult their separation by conventional methods such as recrystal- 
lization. 

Chromatographic separations which have been used with conspicuous 
success in the separation of other steroids, such as sex hormones and related 
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compounds, have so far been only moderately successful in the case of the 
sterols. Asa rule those sterols are most readily separated by chromatographic 
adsorption which show the greatest <lifferences in their molecular shapes. 
Thus the structural dissimilarity of cholestanoi and coprostancl, which is 
due to the cis or frans junctures of rings A and B, is sufficient to permit a 
comparatively easy separation on an alumina column*™. Ergosterol and 
sterols similarly constituted are adsorbed more strongly on alumina than 
sterols devoid of conjugation in ring B*. This difference makes possible 
the isolation of small amounts of such sterols from mixtures of diverse 
origin®, 4, It is, however, a time-consuming process which requires repeated 
rechromatographing of the fractions obtained. 

Since all sterols are colouriess compounds several investigators have 
explored the possibility of simplifying the coliection of fractions by making 
visible the progress of separation on the column. The separation of ergo- 
sterc! and cholesterol can be followed by the intense fluorescence shown 
by the former under ultra-violet light**. Most sterols, however, do not show 
such fluorescence. BrockMann* was able to follow the separation of chole- 
sterol and vitamin D, by adding to the steroid mixtures & dye with an adsorp- 
tion coefficient similar to that of the vitamin. Since the molecular structures 
of the vitamins-D are significantly different from those of the sterols, a 
chromatographic separation of the two types of compounds 1s generally 
successful. 

Most of the stero! mixtures obtained from natural products, however, 
are composed of compouads of very great structural similarity. It is the 
separation of such mixtures which presents the greatest difficulties, and 
no method of chromatographic separation has as yet been described which 
is of actual practical value in such cases. LADENBURG, FERNnNOLZ and WatLis* 
have siudied the chromatographic separation of the coloured steryl esters 
of azobenzene monocarboxylic acid. They found that by working with 
small quantities it is possible to separate the esters of sterols which differ 
in the degree of unsaturation, such as cholesterol, stigmasterol and ergo- 
sterol. The esters of homologous sterols, however, such as cholesterol and 
the sitosterols, formed a continuous chromatogram and no complete separa- 
tion was achieved. 

A separation of mono- and di-unsaturated sterols is best carried out by 
way of their bromine addition products. The introduction of two or four 
atoms into the sterol molecules produces differences in molecular size which 
make a separation possible. The bromides are obtained by adding a 5% 
solution of bromine in glacial acetic acid to a 10 to 20% solution of the 
sterols, or preferably their acetates, in anhydrous ether. Under such condi- 
tions some Lromides are precipitated while “others remain in solution. The 


starting materials may be recovered by heating the broinides with zine in 
acetic acids, or better by refluxing them in a mixture of benzene and ethanol 
containing sodium iodide**. Thus the purification of cholesterol over the 
slightly soluble cholesterol dibromide affords a product free of impurities 
such as cholestanol and 7-dehydrocholesterol, which are difficult to remove 
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by other methods. The first partial separation of a phytosteroi mixture 
was accomplished by Winpavus and Havtu® through the bromination of 
the steryl acetates. They obtained a slightly soluble acetats tetrabromide 
which after dcbromination and saponification gave a new etcrol, stigmasterol. 
Other sterols which like stigmasterol possess one double bond each at (-5 
and in the side chain also give slightly soluble’acetate tetrabromides. They 
can be separated from the acetate dibromides of mono-unsaturated cterols 
by trituration with ether in which only the !atter are readily soluble. In this 
manner the di-unsaturated sterols brassicasterol, poriferasterol, chalinasterol, 
fucosterol and others were first obtained from sterol mixtures (vide infra). 

This cenvenient method urfortunately has its limitations. It fails in 
the separation of mono-unsaturated sterols. With the exception of chole- 
sterol, the common mono-unsaturated sterols and their acetates do not 
give characteristic bromides which differ sufficiently in solubilities to permit 
their separation. In addition, bromimation cannot be used in the case of 
sterol mixtures containing 4’ sterols, such as ergosterol or the spinasterols. 
These sterols are decomposed by bromine with the appearance of a green 
colour (ToRTELLI-JAFFE reaction). 

A long and tedious series of recrystallizations is often the only method 
by which some separation of a complex sterol mixture can be effected. The 
losses of material encountered during the numerous recrystallizations re- 
strict the usefulness of this method. It can be expected to meet with success 
only in cases where the starting material is available in a substantial quantity, 
such as a sitosterol mixture, or where one or the other of the sterols forms 
the principal component. Im planning a fractional recrystallization of a 
stero] mixture it should be borne in mind that the 3-hydroxyl group common 
to all natural sterols is the most polar group of the molecule and the one 
which minimizes other structural differences. Fractional recrystallization 
of sterols from polar solvents therefore seldom brings about a good separat‘on. 
The influence of the polar group can be substantially reduced and the 
structural differences enhanced by esterification of the sterols with acetic 
or benzoic acid. Since tlc benzoates are the least polar, their fractional 
recrystallization as a rule meets with the best results. A change of solvents 
during the sequence of recrystallizations is advisable. It has often been 
observed that a “constant” melting point, reached after numerous recrystalliza- 
tions of a fraction from the same solvent, can be raised significantly by a 
single recrystallizatiun of the material irom a different solvent. In such 
cases the change to a new solvent is almost equivalent to a change to a new 
derivative. 


CoLtour REACTIONS 


Many sterols when treated under anhydrous conditions with strong acids 
or bromine display cheracteristie colours which are of value in qualitative 
and quantitative tests and which often furnish clues to certain structural 
features. As a rule only sterols with nuclear unsaturation give rise to such 
colours, and sterols which fail to react positively may therefore safely he 


28 


j 


Distribution and classification of stcrols 


assumed to be saturated in the ring system. Of the numerous colour re- 
actions of sterols which have been described, the following have been found 
to be the most useful: 

LIEBERMANN-BuRCHARD reaction™. *. To a solution of a crystal of a sterol 
or its ester in a minimum amount of ether, or preferably chloroform, are 
added first acctic anhydride and then a few drops of concentrated sulphuric 
acid. A rose colour appears which gradually changes over purple and blue 
to ereen. This change of colour is best observed when the mixture is kept 
eool and the sulphuric acid is added cautiously. 

SatxowskI reaction*®. Concentrated sulphuric acid is added to a solution 
of the sterol or its ester in chloroform. Depending on the structure of the 
sterol various colours appears in the lower and upper layer. 


reaction™.5. A 2% solution of bromine in chloroform 
is pipetted under a solution of the sterol or its ester in glacial acetic acid. 
If a green colour appears at the interphase the presence of a double bond 
at C-8 is indicated. 

ROSENHEMM veaction®*. To a solution of the sterol or its ester in chloroform 
are added a few drops of an aqueous solution of trichloracetic acid. The 
appearance of a red colour changing to light blue is characteristic of sterols 


with a system of conjugated double bonds in ring B. 

Other colour tests are the TscHUCAEFF reaction®, the Lirscuirz reac- 
tion*, and reactions obtained by treating solutions of sterols containing 
furfural, benzaldehyde or mercuric acetate” with concentrated sulphuric 
acid. The usefulness of certain of these tests has been investigated by 
SCROENHEIMER®™ and by Witsy®. 


DisTRIBUTION AND CLASSIFICATION OF STEROLS 
For many years it was customary to divide the sterols on the basis of their 
orig:n into three groups: the zoosterols of the animals, the phytosterols of 
piants and the mycosterols of cryptogams such as fungi. Cholesterol, sito- 
sterol and ergosterol were regarded as the most typical representatives of 
the three respective groups. The justification for such a division appeared 
to be enhanced when it was found that these three typical sterols differ 
in the number of their carbon atoms, suggesting that the zoo-, myco- and 
phytosterols were of the order C,,, C,, and C,, respectively. 

More recent studies, however, have shown that this classification of 
sterols is of limited value only. It is true that cholesterol is the typical 
sterol of higher animals but in many lower forms its place has been filled 
by sterols which are also encountered in plants. In addition a C,,-sterol, 
zymosterol, which is related to cholesterol has been found in yeast, and C,,- 
sterols suck as brassicasterol have been shown to occur in higher plants and 
Jower animals. It has also been demonstrated conviacingly by ANDERSON ® 
that sterols may be absent in certain micro-organisms such as tuberele bacilli, 

The first convincing proof for the presence in animals of sterols other 
then cholesterol was obtained by Hexzz®™ anc by Dorfe™ in the first 
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decade of the present century. The latter investigator was the first to ap- 
proach systematically the problem of the occurrence of sterols in al! types 
of animals. He investigated several representatives of the more common 
phyla, and having found steruls in all of them he inferred the presence of 
sterols in all animal protoplasm. Dor&e isolated cholesterol from all the 
vertebrates and some of the invertebrates under investigation. In two 
invertebrates, however, a sponge and a starfish, cholesterol was found to 
be replaced by other sterols. In recent years Dorée’s significant studies 
have been resumed and expanded®,. A summary of the results of these 
comparative studies is presented in Table 3. 


Table 3—Distribution of sterols in animals 


Phyla and Classes | Principal Stercls 
Porifera ... . . Cholesterol, cholestanol, clionasterol, porifcrasterol, chalina- 
sterol, neospongosteroi chondrillasterol, haliclonasierol, apto- 
stanol and ochers 
Coelenterata... . Cholesterol, clionasterol, chalinasterol, palysterol and others 
Annelida .... Cholesterol 
Arthropoda. . . . . | Chelesterol 
Mollusca 
Pelecypoda. ... Chalinasterol, brassicasterol, corbisterol, cholesterol and others 
Gastropoda .. .j| Cholesterol 
Cephalopoda . . . | Cholesterol 
Echinodermata 
Asteroidea. . . . Stellasterols 
Holothuroidea . . Stellasterole 
Fchinoidea .. . Cholesterol 
Protcchordata ... Cholesterol 


It is the summary of a story which is still far from compiction. As yet 
it docs not include species of several phyla, and species from other phyla 
are represented in numbers too inadequate to permit far-reaching conclusions, 
It is to be expected, therefore, that the general picture as it now appears 
will have to be modified as more data become available. Nevertheless it 
can be stated with certainty that the greatest diversity of sterels is to be 
found among the most primitive animals, and that the process of the bio- 
chemical evolution of sterols has led into the direction of the practically 
exclusive use of cholesterol. Within certain phyla the presence of one or 
another sterol may be regarded as typical for a given family or class of 
animals. Thus sponges of the family Subcritidae are set apart by thvir 
content of dextro-:otatory saturated sterols from closely related species 
in which levo-rotatory unsaturated sterols are present®. Among molluses 
the Gastropodes (snails) and Cephalopodes contain cholesterol es the principal 
sterol, but in the Pelecypodes (bivalves) substantial quanties of di-unsatcrated 
sterols such as brassicastcrol and chalinasterol (ostreasterol) often obscure 
the presence of cholesterol ®, 


30 


* 


Distributioa and classification of sterols 


As yet no comprehensive comparative studies vn the sterols of plants 
have been carried out. Data derived from numerous isolated studies indicate 
that ihe presence of certain sterols is characte: istic for one or ancther group 
of plants. Thus ergosterol may be regarded with a reasonable degree of 
certainty as the principal sterol of fungi, and fucosterol as the character- 
istic sterol of brown algae, the Phaeophyceae“. The available information 
on the sterols of higher plants is in a chaotic state and hence difficult to 
interpret. With but few exceptions higher plants contain complex mixtures 
of closcly related sterols which have been separated in only a few cases. 
Unfortunately many investigators have mistaken such mixtures for uniform 
sterols and have described them under new trivial names. In addition the 
term sterol has been applied to a number of plant products which are not 
steroids. It will be necessary, therefore, criticaliy to evaluate available 
data and to carry out more systematic studies before attempting to ccrrelate 
the sterol content, and the taxonomic division of higher plants. 

Until now io satisfactory system of classifaction of sterols has been 
propesed on the basis of which lesser known sterols and those of question- 
able purity and nature may be related to sterols of well-established structures. 
For reasons explained above the old classification of sterols which is based 
on source materials only is no longer satisfactory. Scuwasb® in a more 
recent survey has classified the natural sterols on the basis of their empirical 
formulae and arranged them in order of the number of carbon atoms they 
possess. This system of classification, hewever, is also unsatisfactory because 
of the difficulties encountered in obtaining correct empirical formulae without 
supporting chemical evidence (sce previous chapter). Most of ihe older 
empirical fermulas for sterols are therefore of questionable significance. 

In the present survey of natural sterols a new system of classification 
is used which is based on the -ptical rotations of sterols and their functional 
derivatives. The directions and magnitudes of the rctations are dependent 
principally upon the degree of unsaturation and the location of the double 
bends ia the sterol molecule. Thus a strong negative retation of more than 
— 90° is indicative of a structure similar to that of ergosterol in which ring B 
contains two conjugated double bonds. A more moderate levorotation of 
— 30 to 45° is typical of compounds with a single double bond at C-5, and 
rotations of —50° to —7C° point to the presence of one double bond at 
C-5, and an additional one in the sidechain at C-22, as for example in stigma- 
sterol. Rotations of 0° to about — 25° are shown by sterols mono-unsaturated 
eat C-7 or di-unsaturated at C-7 and C-22. Positive rotations from +19 to 
+39° indicate the absence of unsatvration in the stcrol ring system, and 
rotations from about +-40 to 50° are indicative of the presence of a double 
bond in the 8:9-position. Rotations in excess of -+50° usually indicate 
that the compounds in question are not sterols but probably terpenoids, 
In addition the differences between the molecular rotations ((4f} = 


molecular weight , 
(“Ip e\ of the sterols, their acctates and benzoates furnish 
/ 


100 
significan. clues to the uniformity of the material assumed to be a sterol. 
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A classification of sterols on the basis of their rotatory power is therefore 
intimately related to a classification on the basis of structural features. 
In the following survey the naturally occurring sterols known at present 
are therefore divided into the following distinct groups: 
I. Sterols with rotations in excess of [x]p — 90°. 
IL. Sterols with rotations from [z]p — 30° to —70°. 
III. Sterols with rotations of [z]p —20° to +10°. 
IV. Stero!s with rotations of [x]p 4-10° to +30°. 
V. Sterols with rotations of [x]) +40° to +50°. 
VI. Pseudosterols, compounds to which the term sterol has been in- 
correctly applied. 


GrourlI. Srenors Necarive RorstTions ix Excess oF [a]p 


Sterols belonging to this group are characterized by the presence in ring B 
of a system of conjugated double bonds (I). This system confers upon such 
sterols readily recognizable physical and chemical properties which set 
them apart from other natural sterols. It is responsible not cnly for the 
large negative rotation but also for a very characteristic ultra-violet absorp- 
tion spectrum. By means of this spectrum the presence of less than 1% of 
sterols of group I may be detected and determined quantitatively in mixtures 
of sterols or other lipids. These sterols give all the colour reactions men- 
tioned previously, and specifically the RoseNnEIM reaction. Because of the 
presence of the conjugated system they also give as has been shown by 
FIESER®™ a coupiing reaction with 0-nitrobenzene-diazonium chloride accom- 
panied by the appearance of a yellow colour. Since they are more strongly 
adsorbed by alumina than other sterols, sterols of group I are responsive to 
separation by chromatographic methods. 

The conjugated systen in ring B gives rise to a series of interesting and 
important reactions which are peculiar to these sterols. Like other dienes 
they react with maleic anhydride to afford nicely crystalline adducts (IT). 
Because of side reactions the yiclds of such adducts are as a rule rather 
unsatisfactory. The adducts can be separated into their components by 
heating in a vacuum. When hydrogenated with sodium in alcohols or with 
platinum in a neutral medium sterols of group I form A’-stenols, which 
are also called “y”-stenols (III), and when hydrogenated with platinum 
in an acetic medium they afford A*)-stenols which are referred to as “a’’- 
stenols (IV). Treatment of the a stenols with gaseous hydrochloric acid 
in a chloroform solution rearranges them to the A'- or B-stenols (V). The 
latter upon catalytic hydrogenation with platinum yield the stanols (VJ). 
Another reaction, typical of sterols of group I, is their dehydrogenation 
by mercuric acetate in alcohol-acctic acid to compounds with an additional 
double bond in the 9:11 position (VI). 

The system of conjugeted double bonds in ring B is a rather labile one, 
and it is prons to rearrange under the influence of hydrochloric acid into 
various systems in which the conjugated double bonds occupy different 
rings. A different series of rearrangements is brought about by the action 
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of ultra-violet light. It is of greatest practical significance because it involves 
the formation of compounds of vitamin D activity which will bediscussed 
in the chapter on the D-vitamins. Daytight and even the light of an electric 
light bulb will also under certain conditions cause reactions typical of sterols 
of group I. Thus the irradiation in the presence of air of an alcoholic solution 
of such sterols containing a small amount of eosin leads to the formation 
of nicely crystalline and unusually stabie transannular peroxides (VIII). If 
the irradiation is carried out in the presence ef equimolecular amounts of 
eosin and the absence of oxygen, a dehydrogenation takes place with the 
formation of bis-compounds (IX) which are slightly soluble in alcohol. Pyro- 
lysis of such bis-compounds leads to an elimination of an angular methyl- 
group in form of methane and aromatization of ring B (X). 


stanol 


VI 


3 Progress Ir the Chemistry of Fats, Vol. 1 
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7-DEHYDROCHOLESTEROL, C,,H,,O, is the provitamin of vitamin D, and is 
apparently present, as indicated by adsorption spectra, in small quantities 
in the sterol mixtures of many animals. It has been isolated by chromato- 
graphic methods from commercial cholesterol™ and from the sterols of 


A 


| 
| 


HO’ \“ 
m.p. 147°; [z]) —114° 


pigskin® and the marine snail, Buccinum undatum®. As a rule the pro 
vitamin D, content of higher animals rarely exceeds 1%, but in skin sterols 
it may be as high as 4%. Unusually large quantities of provitamin-D-like 
material are present in the sterols of marine invertebrates®. Thus the 


sterols of the marine snail mentioned above contain 7-dehydrochvlesterol 
in excess of 25% ®, and substantial quantities of the same compound appear 
to be present in certain mollusk sterols”. 

At present no natural source is known from which 7-dehydrocholesterel 
can be obtained in quantities adequate for the manufacture of vitamin D,, 


fo which large amounts are required by poultry raisers. Instead this important 
intermediate is manufactured from cholesterol by the introduction of a double 
bond in the 7:8-positiort. The old precedure first developed by Wrxpavs™ 
and improved by others**. 74 involves the oxiduiion uf the 7-CH,-group (XI) 
to a carbonyl group (XII), reduction to the 7-hydroxy-derivative (XIII) and 
dehydration of the latter. In the most recent method the 7-position is first 
brominated*> by succinimide or bromine and light, and the resulting bromide 


(XIV) is dehydrohalogenated to the diene (XV). 


| 
Aco’ \7 pg, HO 
XIV Xv 


The solubilities of 7-dehydrocholesterol and its lack of stability in the 
presence of air and light are similar to those of ergosterol which is discussed 
below. 
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Group I. sterols with negative rotations in excess of 


Derivatives: 
CH, 


Sce structures II to X, R=UH—(CH,),—CH(CH,), 
7-Dehydrocholesteryl acetate: m.p. 130°; [alp —85° (CHO) 
7-Dehydrocholcstery! benzoaie: m.p. 140°, clear at 189°; fa}, —52° (CHC1,) 
7-Dehydrocholesteryl acetate maleic anhydride II: mp. 178° 
7-Dehydrocholesterol peroxide (VIIJ): m.p. 152°; [aly +7° 
Bis-cholestadienol (7-dehydrocholesterol pinacol) (EX) mp. 197*. 
7, 22-CHOLESTATRIENOL, C,,H,,0, has not yet beer iwolated or prepared 
otherwise. From a careful study of the irradiation procdeets of the pro- 
vitamin-D-mixture from the common mussel, Jf tiles edulis, it has been 
deduced that this tricnol was present in the original sterol mixture™. 


22,23-DinyDROERGOSTEROL, C,,H,,O, has not yet beem isolated from a natural 
source, but it is quite probable that it will eventually be fownd im certain 
provitamin D mixtures and that it is the major componmemt of eorbisterol. 
It has been prepared from ergosterol by hydrogenation of the side chain 
double bond of ergosteryl acetate maleic anhydride, followed by a thermal 
decomposition of the adduct and saponification’’. Upem irradiation with 
ultra-violet light it affords vitamin-D,**. 


m.p. 153°; —109° 


Derivatives: 
CH, 


| 
Sce structures If to X; R=CH—CH,—CH,--CH(CH,)—CH(CH)), 


Acetate: m.p. 157-158°; —75° (CHCI,) 

Acetate maleic anhydride II: m.p. 202-203°; (CHC) 
Peroxide (VIII): m.p. 171°; [a], +5° (CHCI,) 

Bis-ergostadienol (22,23-dihydroergosterol pinseok) (IX): mp. 197°. 
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now used commercially on a fairly large scale in the preparation of vitamin D,, 
amd it may be anticipated that in the future it will be used in very sub- 
stantial quantities in the manufacture of the important hormone cortisone. 


Encestrnon, C,,H,,0, is one of the most important natural sterols. It is 


NAY 


| ff 
HO’ Y 
m.p. 165°; —132°; —170° 


Ergosterol was first isolated from ergot of rye by Tanret’® in IS89 and 
has since been shown to be the principal sterol of lower and higher fungi 
and of lichens. It is also present in sinall quantities in the sterol mixtures 


ef certain plants”. 7, snails and egg yolk®®. Commercial ergosicrol ia 


oltained by methods mentioned previously from yeast which may contain 


sterols in excess of 2% and which can synthesize ergosterol from glucose 
and other carbohydrates as the only carbon sources. 

Ergosterol crystallizes from alcohols in the form of plates containing 
ene mole of water which is not easily removed, and in the form of needles 
fron anhydrous solvents such as ether and ethylacetate. The metting point 
varies scmewhat with the water content of the sample. Ergosterol is slightly 


soluble in methancl and petroleum ether, and readily so in benzene and 
ethylacetate. One part is soluble in 526 pts of cold ethanol, 36 pts of boiling 
ethane], 200 pts of cold acetone, 32 pts of hot acetone, 50 pts of ether at 
2° and 28 pts.of boiling ether. 

Upon standing, and particvlarly in the presence of light and air, ergo- 
sterol is converted to yellow products of uapleasant acrid odour which are 


very soluble in methanol. To prevent decomposition ergesterol is best 
stored in evacuated sealed containers in dark cool places. It is «listillable 
at pressures below 1mm without decomposition. 

Ergosterol gives the colour reactions of sterols and particularly the 
Rosennem and Tokre.ti-Jarr£é reactions. In the SaLtkowski test the 
chloreform remains colourless and the sulphuric acid turns blood-red. 

Crude ergosterol contains small amounts of minor sterols such as di- 
hydroergostercl and zymosterol which can be removed by fractional erystalli- 
zation. 


Derivatives: 


See structures I] to X. 
CH, 


R=—CH—CH =CH(CH,)—CH(CH,), 


| 
Ergosteryl acetate: m.p. 181°; —90° (CHCI,), 
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Ergosteryl benzoate: m.p. 169-171°; [x], —71° (CHCl) 

Ergosterol maleic anhydride (II)", m.p. 202°; m.p. 216°. 

5,6-Dihydroergosterol (x-dihydroergosterol, dihydroergosterol I)* (III), 
m.p. 173-174°; [x]p —21° (CHCl); acetate: m.p. 180-181°, 
—21° (CHCI,) 

Ergosterol peroxide (VIIT)®’, m.p. 178°, [x], —36° (CHCI,) 

Bis-ergostatrienot (Ergopinacol) (IX)™, m-.p. 202-203°; [a]) —209° 
(pyridine) 

Neoergosterol, (X)*, m.p. 152°; [a}]y —11° (CHC),) 

Deh ydroergostero! (VII)**, m.p. 146°; [x], +149° (CHCI,); acetate, 
146°; + 204°. 

CH, 


R 
| 

(III)®, m.p. 146°; (CHCI,) 
(IV)®, m.p. 133°; [x]p +11° (CHCI,) 
A'.(“8")-Ergostenol (V)%, m.p. 141°; [z]p +21° (CHC) 
Ergostanol (VI), m.p. 144°; [x]p +15° (CHCL). 


Mycosterot, C,,H,,0.(?%), m.p. 150°; [x], —139°; acetate, m.p. 169°, has 
been isolated from various fungi®. It appears to be a somewhat impure 
sample of ergosterol, which is known to be a constituent of fungi. 


NEOSTEROL™, m.p. 164°; [x]p —105°; acetate, m.p. 173°; [x]p —67°, has 
been described as one of the minor constitutents of yeast sterols. It has 
recently been shown to be a mixture cf ergosterol and 5,6-dihydroergosterol™, 
7-DEHYDROCAMPESTEROL, C,,H,,O, is the 24a-epimer of 22,23-dihydro- 
ergosterol. It haz been prepared from campesterol?® but not yet isolated 
from any natural source. The probability is indicated, however, that it will 
eventually be found in one or another of the provitamin-D mixtures of 
animals and plants. When irradiated with ultraviolet light, 7-dehydro- 
campesterol becomes feebly antirachitic. 


HO’ \“ 
m.p. 165°; [2},, —109° 
Derivative: 


Benzoate: m.p. 157°, clear 164°; [a2], (CHCI,). 


7-DenyDRO-f-sITOSTEROL, C,,.H,,0, has not yet been isolated from a natural 
source, but is most probably a constitwent of some of the provitamin-D 
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mixtures from plart oils. It kas been prepared from a sitosterol of question- 


able uniformity **. 
af 
| GH, 
HO’ \ 


m.p. 145°; —71° 


Derivatives: 


CH, 

| 
See structures II to X, R=CH—CH,—CH,—CH(C,H,)—-CH—{CH)), 
Acetate: m.p. 151—152°; [z]p —71° (CHC',) 
Benzoate: m.p. 149°; [z]p —54° (CHC) 
Acetate maleic anhydride (II): m.p. 182-183° 
Bis-7-dehydrositostadienol: m.p. 201-202”; [a]p —-165° (pyridine). 


7-DEHYDROCLICNASTEROL (7-dcehydro-y-sitosterol ?), C,.H,,0, is the 24a- 
epimer of 7-dehydro-8-sitosterol. It has been prepared from clionasterol™ 
but has not been isolated from a natural source. The suggestion has been 
made, however, that it is identical with the 7-dehydrosterol found in a 


gastropod molluse™, 


m.p. 138°; [a], —98° 


Derivatives: 
Acetate: m.p. 139-140°; [a]) —72° (CHCI,) 
Benzoate: m.p. 138°. 


7-DENYDROSTIGMASTEROL, C,,H,,O, is probably a constituent of the 7-dehydro- 
sterol mixtures from plant oils. It has uot yet deen isolated from a natural 
source but has been prepared from stigmasterol’*,. Upon irradiation it 
acquires feeble antirachitice activity™, 


VWs 


HO WY 
m.p. 154°; —113° 


38 


4N\/\ 
C,H, 
NN 
HO 
C,H, 
| i 
4 


Group II. Stecols with rotations of to —70° 


Derivatives: 
Acetate’ m.p. 172° 
Benzoate: m.p. 180°. 


CorBISTEROL, C,,H,,0O(?), m.p. 149°; [a]p --93-5°, hes been isolated from 
the sterol mixture of the bivalve, Corbicula leana”.™®. The suggestion has 
been made™® that it is a mixture consisting essentially of 22,23-dihydro- 


ergosterol and its 24a-epimer, tie as yet unknown 7-dehydrocampesterol. 


Derivatives: 
Acetate: m.p. 151°; [a}]p) —70-5° (CHCI,) 
Benzoate: m.p. 141-144°; [ajp 45° (CHCI,) 
Corbistanol: m.p. 143°; [x]p +20° (CHCI,) 
Corbistany] acetate: m.p. 143°; [x]p +8° (CHC1,) 
Corbistanyl benzoate: m.p. 132°. 


Group II. Srexois wits Rotations oF [z]p —30° To —70° 


All natural sterols belonging to this group possess a 5:6-double bond (I) 
which imparts a distinct negative rotation to the molecule. Certain sterols 
carry in addition a double bond in the side chain which as a rule enhances 
the levorotation. Whether or not a sterol is A5-unsaturated ean readily 


be determined by & comparison of its molecular rotation with those of its 
acetate and benzoate. According to principles derived by Hupson and 
FRECDENBERG from studies of the rotations of carbohydrates, the conversion 
of sterols of a given type, such as I, to their acetates or benzvates should 
be accompanied by changes in molecular rotations which are of the same 
direction 


NS 


Ho’ YY 


aud of the same order of magnitude. In recent years Barton™! has concerned 
himself extensively with such problems, and he has clearly shown ‘that 
the differences in moiecular rotations between the sterols, their acetates 
and benzoates are indeed of fairly constant values. By averaging values 
reported for well-established sterols he found that the conversion of a sterol 
of typeI to its acetate increase the negativity of the moiecular rotation 
by —35°, and the conversion to the benzoate reduces the negativity by +81°. 
In both instances the limits of experimental error are about +10°. These 
values have been found to be so reliable that a newly discovered sterol 
may safely be regarded as belonging to typeI if the differences Letween 
the molecular rotations of the stercls and the two respective derivatives 
conform with them. Inversely, sterels suspected of belonging to this type 
but with molecular rotation differences at variance with the known values 
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must be assumed either to lack uniformity or to possess fundamentally 
different structures. 

All sterols belenging to this group give the LiesrrMann-BurcuarD 
and SaLkowskI colour reactions but not the Rosenuem and Tortettt- 
JAFFE reactions. 


CuoLesTenoL, C,;H,,0, is the best known and the most readily available 
of the stercls. It is the typical sterol of the vertebrate animals, and it is 


also found in many invertebrates including protozoans and sponyes'*, For 


WY 
m.p. 148°; [a], —39-5° 


H 


a long time only of academic interest, cholesterol has become of great com- 
mercial importance during the past decades. It serves today as the major 
source material in the manufacture of male and female sex hormones and 
of vitamin-D,. The large quantities required for such processes are obtained 
principally from the brains and spinal cords of cattle which contain in excess 
of 10% of their dry weight as free cholesterol. If required, additional sources 
of cholesterol may be found in animal extracts, now discarded, such as the 
waste from shrimp canneries. It contains about 2}% of an oil from which 
almost 20° of cholesterol can be extracted without taking recourse to 
saponification. About 80,000 lb of cholesterol could have been extracted 
from the shrimp waste of the 1927 season in the U.S.A.!®, 

The richest source of cholesterol, in excess of 90%, is in gallstones. The 
total cholesterol content, expressed as a percentage, of a number of animal 
products and organs is as foilows: 


milk powder ......... . 
muscle tissue, dry ...... . 0-23 
sheep kidney, dry ..... . 08 adrenals... ee S 

Gry .. OF sheep tyroid, dry . . . « O17 
calf pancreas, dry. . ..... . 43 calf spleen, dry... B 


human blood. . ..... 1-7-2°5 


In brain tissue cholesterol is present almost entirely in the free state. 
but in most other tissues it occurs to a substantial degree in the form of 
fatty acid esters. Thus in normal blood only 27% of the choiesterol is un- 
combined’, The most commonly occurring cholesteryl esters are the 
palmitate and the oleate™, In diseased organs the combined cholesterol 
is often present in much larger amounts than in normal organs’, 

For a long time auimals were thought incapable of synthesizing sterols 
and were believed to acquire them through transformation of the plant 


40 


= 
= 
| 
4 
2 


Group IT. Sterols with rotations of [«],, —30° to —79° 


sterols of their diets. Balance studies showed, however, that many if not 
all animals produce cholesterol in quantities in excess of the amounts of 
plant sterols consumed, and that practically all plant sterols are excreted, 
chiefly in the feces’, This has been demonstrated in a particularly con- 
vincing manner through ScHoENHEIMEPR’s studies on the laying hen?®, 
During a fortnight three hens laid 20 eggs containing a tetal of 7-132 y of 
cholesterol. During the same period the hens had consumed 5-234 g of plant 
sterols of which 4-653 g were recovered from the droppings. The egg chole- 
sterol must therefore have been synthesized by the hens. 

‘The sequence of events leading to the biochemical synthesis of cholesterol 
stil} remains obscure., All that is at present definitely known is the ability 
of the animal to synthesize cholesterol from two-carbon units such as acetic 
acid. Cholesterol has been isolated from growing rats fed with isotopic 
sodium deuterioacetate, CD;C“.0ONa, which contained both isotopic carbon 
and deuteriuia in significant amounts™®, 

Most commercial cholesterol samples contain small amounts of chole- 
sterol and 7-dehydrosterols, such as 7-dehydrocholesterol or ergosterol. The 
amount of dihydrocholesterol, 1 to 2%, can be determined by Scnoex- 
HEIMER’S method mentioned previously™®, and the 7-dehydrosterols can 
be estimated ky absorption spectroscopy. A pure sample of cholesterol 
is best obtcined by repeated precipitation of the sterol as the dibromide™ 
and decromination of the latter with sodium iodide™*, 

Cholesterol is obtained from anhydrous solvents in the form of needles 


or prisms, and from 95°%-ethanol as plates containing one mole of water. 
The solubilities of cholesterol expressed in grams per 100g of solvent are 
as follows: ahs. ethanol, 18°, 2-28; 96°%-ethanol, 0°, 0-68; 20°, 1-29; 60°, 
7°85; boiling, 27-7: methanol, 40°, 1-8S; boiling, 5-32; chloroform, 15; ether, 
26; pyridine, 68-1, and water, 0-26. Chcelestezol is also readily soluble in 
ethylacetate and benzene. 


Derivatives: 

Dibromide, C,,H,OBr,, m.p. 116-117°, or 123-124°; -—43-5° 
(CHCI,). This derivative is very useful for the isolation and identi- 
fication of cholesterol. 

Acetate: m.p. 114-115°; [z]p —47-5° (CHCI,). Upon cooling, the liquid 
acetate shows a brilliant display of colours 

Acetate dibromide: dimorphous, m.p. 115° and 117° 

Beazoate: m.p. 145-5°, play of colours, clearing at 178°; [«]p) —14° (CHCI,) 

Paimitate: m.p. 78°, clear at 90°; [a]p —24° (CHCI,) 

Oleate: m.p. 44-5°; [x]p —23° (CHCI,). 

Numerous other esters have been prepared and described", 


BoMBICYSTEROL, so named because it was first isolated from the oil of silk- 
worm pupae, Bombyx mori, has been shown to be a mixture consisting of 
avout S5°% cholesterol and an unidentified “sitosterol ’-like product™*, 
INAGOSTEROL, isolated frem locusts, appears to be 8 mixture similar in com- 
position to bombicysterol™5, 
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92 23. (7:8, 22:23-Tetrehydroergosterol) C,,H,,0, 
has not yet Leen isolated from a netural source, but is probably ore of the 
components of certain plant sterol mixtures which are exceedingly difficult 


to separate. The sterol has been prepared by selective hydrogenation of 


brassicasterol 
WA 
CH, 


m.p. 158°; [a]p —46° 
Derivatives: 
Acetate: m-p. 145°; [x], —46° (CHCI,) 
Benzoate: m.p. 162°; [x]p —19° (CHCI,). 


CamprsTEROL, C,,H,,O, has been isolated from rape-seed oil (Brassica campe- 
stris), soya-bean oil and wheat-germ oil™’. It wili probably also be found 
in many other plant sterol mixtures. liydrogenation of campesterol affords 
campestanol, an isomer of ergostanol. The two stanols differ only in the 
configuration of C-24, for upon oxidation they give the same 3-8-hydroxy- 


norallocho! 118, 


m.p. 158°; [x]) —33° 


Derivatives: 

Acetate: m.p. 137-138°; [«]) —35° (CHCI,) 

Benzoate: m.p. 158-160°; [x}p) —9° (CHCI,) 

Campestanol: m.p. 146-147°; [x]p +31° (CHCI,) 

Campestanyl acetate: m.p. 144°; [z]p +138° (CHCI,). 
HALICLOoNASTEROL, ©,,H,,O, has as yet only been found in the sponge, 
Haliclona Longleyi™®. The suggestion has been made, based on molecular 
rotation differences, that halicionasterol is the 20a-cpimer of campesterol!™, 


N 
m.p. 141°; [a]) —42° 
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Group If. Sterols witu rotations of [x], — 30° ot —70° 


Derivatives: 

Acetate: m.p. 141°; [z]p —46° (CHCI,} 

Acetate dibromide: m.p. 126°. This derivative shows # very characteristic 
behaviour upon recrystallization. When ethanol is added to a solution 
of the bromide in ether, a gelatinous precipitate is formed which 
chaages gradually into clear thin prisms up to 1 em in length 

Benzoate: m.p. 146°; [x]) —15 (CHC1,) 

Haliclonastanol: m.p. 137°; [«]p +18° (CHCI,) 

Hlaliclonastanyl acetate: m.p. 136°; [a]p +1:2° (CHCl) 

Haliclonastanyl benzoate: m.p. 134°. 


PRASSICASTERCL, C,,H,,0, was first isolated by Wixpavs* from rape- 
seed oil, Brassica repa. Its occurrence is not restricted to plants, for it has 


COOH 


CHO 
H—C—CH(CH,), 
CH, 
Itt 
mp. 148°; —64°™ 
m.p. 746°; [a], —61°'* 


been obtained in recent years from the sterol mixtures of bivalves! 13, 
The sterol is best isolated through its sparingly soluble acetate tetrabromide. 
The structure of brassicasterol has been established!* though hydrogenation 
of the sterol to ergostanol and through ozonization to 3 £-hydroxybis- 
nexwholenic acid (II) and methylisopropylacetaldehyde (II). 
Pherivatives: 

Acetate: m.p. 157—159°!"!; 152°; —65° (CHCI,)!* 

DBenzoate: m.p. 167° clear at 170°; characteristic long needles from ethanol 

Acetate tetrabromide: m.p. 209 

Acetate 22,23-dibromide: m.p. 236-238° !%, 
SHAKOSTEROL, first isolated from Japanese bivalves'**, has been shown 
to be identical with brassicasterol!*, 
CHALINASTEROL, C,,H,,0, has been isolated from sponges'’, bivalves!8 
and sca anemones, It has been ozonized to methylisopropylacetaldehyde 
and hydrogenated selectively tu campesterol and has thereby been identified 
as the 24-a-epimer of brassicasterol!*’, 


|__| CH, 
| | 


Ho 
m.p. 144°; [a], —42° 
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Derivatives: 

Acetate: m.p. 136°; [«]p —46° (CHCI,) 

Acetate tetrabromide: m.p. 154-156° 

Acetate dibromide: m.p. 144° 

Benzoate: m.p. 147-148°. 
Osi nEASTEROL, first?** isolated from the oyster, Ostrea virginica, has been 
shown to be identical with chalinastercl!*, 
§-Srrosrero1, ©,,H,,0, is widely distributed among plants. It is the principal 
sterol of cotton-seed oil!®®, Calicanthus oil!!, and probably also wheat-germ 


m.p. 137°; —37° 


oi? rye-germ oil!8, corn oil'*, tall oil and rubber’. The compounds 
named cinchol from cinchona bark™* and rhamnoi from Rhamni purshians 
bark?” also appear to consist chiefly of f-sitosterol. Most of the f-sitosterol 
preparations contain small amounts of y-sitosterol, stigmasterol and other 
unsaturated and saturated sterols the complete removal of which is difficult 
to achieve. It is probable therefore that a sample of pure f-sitosterol has 
not yet been prepared! 15%, The available data are nevertheless adequate 


stigmasterol which has been obtained by the selective hydrogenation of 
the side chain double bond of stigmasterol!®, 


Derivatives: 

Acetate: m.p. 126-127°; [a]p —42° (CHCI,) 

Benzoate: m.p. 146-147°; [x]p —14° (CHCI,). 
y-Srvosteror, C,,H,,0, is widely distributed in plants and probably also 
in marine invertebrates. It is the principal sterol of soya-bean oil! '* and 
a minor constituent of the sterol mixtures of wheat-germ oil’** and rye- 
germ oil, y-sitosterol has the same carbon skeleton as f-sitosterol but 
the opposite configuration at C-24. This has been demonstrated by oxidation 
which yields 1-6-methyl-5-cthylheptanone-2 in the case of y-sitosterol and 
the d-isomer in the case of f-sitosterol™*. It is probable that y-sitosterol 
and. clionasterol are identical!**, 


(Jom 


HO 
m.p. 148°; —43° 
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Group IJ. Sterols with rotations of {lp —30° to —70° 


Derivatives: 
Acetate: m.p. 144°; [x],, —45° (CHCI,) 
Benzoate: m.p. 152°; [a]p —20° (CHC). 


CLIONASTEROL, C,,H,,0, was first isolated by Dorée in 1909" from the 
cosmopolitan sponge, Cliona cclata. Since then the original material has 


m.p. 139°; [z]) —35° 


been shown to be a mixture of a mono-unsaturated sterol, for which the name 
clionasterol has been retained, and a di-unsaturated sterol which has been 
named poriferastero]4, 45, The two sterols are structurally closely related, 
for selective hydrogenation of the side chain double bond of poriferasterol 
affords cliorasterol. The molecular rotations of clionasterol and its derivatives 
are consistent with the inference that the sterol is the 24a-epimer of B-sito- 
sterol and hence probably identical with y-sitosterol'**. Clionasterol has 
been isolated from many sponges™*™6 and other marine invertebrates. 


Derivatives: 
Acetate: m.p. 137°; [x]p —40° (CHC1,) 
Benzoate: m.p. 140°; [x]p) —16° (CHC1). 


PaLysTEROL, C,,H,,0, has so far been isolated only from the colonial anemone, 
Palythoa mammilosa. It has been deduced from molecular rotation differences 
that palysterol is the 20a-, 24a-epimer of f-sitosterol?™, 


| | | C,H, 
HO’ VY 


m.p. 140-141°; —47° 


Derivatives: 
Acetate: m.p. 152-5°; [a]p —52° (CHCI,) 
Benzoate: m.p. 151°; clear 170; [x]y) —23° (CHCl) 
Palystanol: m.p. 139°; +4-15-5 (CHCI,) 
Palystanyl acetate: m.p. 140°; [a], +6 (CHCI,) 
Palystanyl benzoate: m.p. 152°, clear 160°. 
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Sterols 
SrigMASTEROL, C,,H,,0, is a component of many of the complex sterol mix- 


tures present in plants. It was first isolated by way of its slightly soluble 
acetate tetrabromide from the phytosterol mixtures of the Calabar bean 


CHO 


b 


WAN 
| 
C,H, H--C—CH(CH,), + 


m.p. 170°; [a]) —5I° 


(Physostiama veneaosum)' and is at present principally obtained frem 
the sterols of soya-bean oil!" 8,19, The structure has been established 
through ozonization of the sterol to ethylisopropylacetaldehyde!™ (II) and 
3 8-hydroxybisnorcholenic acid!! (IIT). 


Derivatives: 

Acetate: m.p. 144°; [«]) —56° (CHCI,) 

Benzoate: m.p. 160° 

Acetate tetrabromide: m.p. 211—212° 

Acetate dibromide: m.p. 212-213° 
PoRIFERASTEROL, C,,H,,0, is a component of many mixtures of sponge 
sterols"® from which it can readily be separated by way of its slightly soluble 
acetate tetrabromide™*. The structure of poriferasterol has been established 


CHO 
= C,H, H- —CH(CH,), + 
IN\/\7 
C,H, 
m.p. 156°; [2], —49° 


by ozonization which yields 3 8-hydroxybisnorcholenic acid (III) and ethyl- 
isopropylacetaldehyde (II) of a rotation opposite in sign to that obtained 
from stigmasterol'*, Poriferastercl is therefore the 24a-epimer of stigma- 


sterol, 


Derivatives: 
Acetate: m.p. 147°; [x]p —53° (CHICI,) 
Acetate tetrabromide: m.p. 185-190° 
Acetate 22,23-dibromide: m.p. 212° 
Poriferastanol: m.p. 143-144°; +22° (CHCI,) 
Poriferastanyl acetate: m.p. 140-141°; [a]p 4-16° (CHCI,). 
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FucosTERoL, C,,H,,0, is the typical sterol of the brown marine algae, 
Phacoph yceae‘*, The structure has been proved convincingly by ozonization 
of fucosterc) to acetaldehyde! and 24-ketocholesterol (IT)!™. 


m.p. 124°; [«},, —38° 


Derivatives: 

Acetate: m.p. 118°; [x]p --45° (CHC1,) 

Acetate tetrabromide: m.p. 133° 

Benzoate: m.p. 120; [ap] —16° (CHC1,). 
PrLVESTEROL, which has been isolated by Japanese investigators from 
various algae, has been shown to identical with fucosterol*’. 


PLANT STEROLS OF QUESTIONABLE UNIFORMITY 
Prior to the realization of the extraordinary complexity cf the mixtures 
of plant sterols, many such mixtures had been misiaken for uniform and 
new compounds and described under a variety of names. These names 
have greatly contributed to the confusion existing in the older sterol literature, 
and their use should be discontinued unless it can be demonstrated con- 
vincingly that the respective sterols are indeed uniform and different from 
any of the well-established sterols. Plant sterols which in all probability 
are mixtures containing significant quantities of 5:6-unsaturated sterols 
are listed in Table 4. 
Table 4 


Name 


Ampelosterol!# 
Arbusterol 
Cauloeterol 
Cluytiasterol 
Evonysterol. .. . 
Homoevonysterol 
Gentiosterol'* 
Matsusterol!™ 
Medicagoeterol 
Papavisierol*® . 
Raphanistero!** . 
e-Sitostcrol*® . 
Typhasterol?”* . 
Verosterol!"! 


<4 
q 
‘ CH 
7 
| 129 —30 | 105 | 
69 | 139 
134 | | 
142 —29 
133 —22 | 120 
120 | 
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MARINE INVERTEBRATES STEROLS OF UNCERTAIN STRUCTURE 
OR QUESTIONABLE UNIFORMITY 
PrenorovasTERGL, C,,H,,0, m.p. 130-132°; [a]p —40°, is a di-unsaturated 
sterol which has recently been isolated from the pteropods, Clion limacina 
and Limacina helicina™?. Molecular rotation differences prove the presence 
of one double bond in the 5:6-position and suggest the presence of another 


in the side chain. 


Derivatives: 

Acetate: m.p. 133-134-5°; —47° (CHC) 

3,5-Dinitrobenzoate: m.p. 195-5-198-5°; [x]p —15° (CHC) 

Pteropodostanol: m.p. 134-5-135-5°; [a]p +22° 

Pteropodostany] acet m.p. 128°; 4-10° (CHCI). 
ConcnasTEROL, C,.H,,0(?), m.p. 134°, has been isolated by Japanese in- 
vestigators from several bivalves!**&, It is probably one of the mixtures 
very difficult to separate of brassicasterol and chalinasterol frequently 


isolated from bivalves!*4, 


Derivatives: 


Acetate: m.p. 145°. 
MeRETRISTEROL, C,,H,,0(?), has been isolated from the bivalve, Meretriz 
meretriz, and has recently been shown to be identical with conchasterol*3, 
It is therefore probably a mixture of brassicasterol and chalinasterol’*4, 
m.p. 134-137°; —35°, and MacaxisTrroL, 153°; 
[x]) —47°, are poorly characterized mussel sterols which appear to be 


mixtures!*4, 
MicrecioxasteRoi, isolated from the sponge, -Vicrociona prolifera, has 
been shown to be a complex mixture containing cholesterol, cholestanol 


poriferasterol and at least one other compound!”’, 


GorGosTEROL, m.p. 184°; fa]) —45°, has been isolated from several gor- 
gonias'*, The difference between the molecular rotations of the sterol and 


its acetate indicate lack of uniformity’. 


Derivative: 
Acetate: m.p. 152°; [a]p —56° (CHCI,). 
ACTINIASTEROL, first isolated from sea anemones, has been shown to be 


a mixture?’, 

SPONGOSTEROL, m.p. 124°; [x]p —20°, has been described as a sterol from 
sponges™¢, The rotation, however, has been incorrectly reported. It is 
-+20° and the sterol has therefore been included in group IV. 


Grovur III. Srerots wirn Rovrations oF [a}]p —20° to +10° 


All natural sterols belonging to this group possess a double bond in the 
7:8-position. They are referred to as A’-stenols or “y’’-steno's. Their rotations 
are close to zero if the 7:8 double bond is the only point of unsatura- 
tion in the molecule, but more negative if an additional double bond is 
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present in the side chain, for example im the 22:23-position. The differences 
between the molecular rotations of the stervls and their acctates are —15 
+1577, and of the sterols and their benzoatce +20 +147. The A’-stenols 
give a positive LIEBERMANN-BURCHARD reaction and in addition the Tor- 
TELLI-JAFFE reaction which is specifie for steraids with double bonds at- 
tached to C-8. Of considerable value im recognizing sterols belonging to 
this group is the fact that A’-stenols melt significantly lower than their 
acetates. With but few exceptions the reverse is true of sterols mono- 
unsaturated in the ring system which belong to other groups. 

The 7:8-double bond is resistant to hydrogenation with a platinum 
catalyst in « neutral medium but is shifted te the 8:14-position under the 
influence of platinum and hydrogen im acetic acid. The 4®)-stenols or 
“g’’-stenols also are resistant to hydrogeration, and a rearrangement by 
hydrochloric acid to the A'™- or “£’’-stenols is regnired before the ring system 
can be hydrogenated. ‘These rearrangements are the same as those en- 
countered during the hydrogenation of ergosterol and related compounds, 
where the A’-stenols are the primary reactiom products (see structures III to 
VI on page 33). 

A’-Ergostenol, C,,H,,0, was first isolated by in 
1908 as a minor constituent of ergosterol from ergot. More recently it has 
been shown to be identical with A’-ergostenvl (y-ergostenel) which is obtained 
from ergesterol by the addition of two mo%es cf hydregen. Tanret’s original 
sample contained some ergosterol?*, 


m.p. 146°; (2), & 


Derivatives: 
Acetate: m.p. 150°; [x]) —16° (CHC) 
Benzoate: m.p. 179°; [«]p 0° 
5,6-DinYDROERGOSTEROL C,,H,,0, is a minor compo- 
nent of yeast sterol mixture and is present in small amounts in many ergo- 
sterol preparations. It is readily obtained by selective hydrogenation of 
ergosterol 182, 


L | 
m.p. 173°; (a), --2i° 
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Derivatives: 
Acctate: m.p. 180°; [a]p —26° (CHC1,) 
Benzoate: m.p. 198°; [a]p —6° (CHC1,). 
STELLASTEROL, (I) C,,H,,0, and Srettasteno, (II) C,,H,,0, are the principal 
componente of the sterol mixtures from various starfish. Their complete 
separation has not yet been accomplished. The structuresI and II are 
based on convincing chemical evidence. Thus a mixture of the sterols upon 
ozonization yields methylisopropylacetaldehyde of a configuraticn opposite 
to that of the aldehyde from ergosterol. Hydrogenation of the mixture under 
conditions favouring rearrangement of the 7:S-double bond affords the 


| CH, } | | CH, 
aad 
| | | | 
I AJ Xf II 
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mixtures: m.p. 123-159°; [=],, +6 to +0° 
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homogeneous (III) which upon rearrangement fol- 

lowed by hydrogenation yields ste'lastanol, identical with campestanol. 

Stellastenol and stellasterol are thcrefore the 24a-epimers of A’-ergostenol 


and 5,6-dihydroergostcrol 1, 


Derivatives: 
Mixture of acetates: m.p. 137-181°; [z]p 0° to (CHCI,) 
Mixture of benzoates: m.p. 159-197°; [x]) +9° (CHCI,) 
A®*).Stellastenol: m.p. 123-125°; [z]p +20° (CHCI,) 
A*).Stellasteny] acetate: m.p. 105-106°; +12-5° (CHCI,). 


HITODESTEROL, m.p. 167—168°, has been isolated by Japanese investigators! 
from several species of starfish. It appears certain that this sterol is a mixture 
of stcllasterol and stellastenol which is commonly found in starfish. 


Derivative: 
Acetate: m.p. 181-182°. 

ASTERIASTEPOL™®, described as a constituent of starfish, has been shown 

to be a mixture of batylalcohol, stellasterol and steMastenol"®, 
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Grocp If. Sterols with rotations of —20° to +10° 


ErisTeroL, C.,,H,,0, is one of the minor yeast stervls*. 2, The 7:8-position 
of the cyclic bond has beea deduced from molecular rotation data®, A 


| CH, 


m.p. 151°; [a], —5° 


second double bond must be located in the side chain, for upon ozonization 
episterol gives formaldehyde in a 45% yicld™. Its exact location has still 
to be determined. 


Derivatives: 
Acetate: m.p. 160-162°; [a], —3-5° (CHCI,) 
Benzoate: m.p. 153—155°. 


«-SPINASTEROL, C,,1H,,O, is one of the components of the sterol mixtures 
of spinach’, aifalfa®® and senega root’. The structure (I) has been est- 


m.p. 168°; [a], —3. 7-dehydrostigmast+rol 


ablished by hydrogenation of «-spinasterol to stigmastanol’, ozonization 
to ethylisopropylacetaldchyde™ and through its preparation from 7-dehydro- 
stigmasterol (II). 


Derivatives: 
Acetate: m.p. 187°; [x], —5° (CHCI,) 
Benzoate: m.p. 201°; [«]p -+2° (CHCI,). 
B-, y- AND 6-SprsastEerors", ™ are other -omponents of the sterol mixture 
from spinach and alfalfa. The sterols are structurally related for they all 
yield A*@.stigmastenol when hydrogenated under conditions favouring 
isomerization. It 2s probable that all three steruls are A’-stenols, and that 
they differ in the unsaturation of the side chain!?’, 
m.p. 148-150°; [«]) +6° (CHCl) 
Acetate: m.p. 153-155°; [a]p +5° (CHCI,) 
y-SPINaSTEROL: 160°; 0° (CHCI,) 
Acetste: 140°; —14° (CHCI,) 
mp. 144°; [a]p +6° (CHCI,)"* 
Acetate: m.p. 133°; [a]p +1° (CHCI,). 
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Plant stercls resembling spinasterols 
Table 4 lists a number of sterols or sterol mixtures from various plants 
which resemble A’-stenols, and hence the spinasterols, in their physical 
propertics. Of these Jessi.terol, which affords stigmastanol upon hydro- 
genation, and medicagosterol II appear to consist essentialiy of «-spinasterol. 


Table I 
| 
Bessisterol?™ ....... 175 —8s 184 —13 
... | 164 —2 173 
Verbasterol’’ . ..... | 142 —3 | 108 | — 3 
Beta vulgaris™ .....-/] 155 | 0 
Ecballium™ ......./] 148 +3 | 155 


ANASTEROL, m.p. 157-159°; [z]p —8°, is a mono-unsaturated component 
of questionable uniformity of the mixture of minor yeast stcrols*. At 
present nothing is known about its structure. 


Perivctive: 

m.p. 130-182°; [«], —14° (CHCI,). 
CHONDRILLASTEROL, C,,H,,0, is one of the components of the sterol mixture 
of the sponge Chondrilla nucula*}, and the principal sterol of the freshwater 


| 
HO 
m.p. 169°; [2], —2° 


alga Scenedesmus obliquus**, Upon ozonization chondrillasterol affords 
methylisopropylacetaldehyde, and upon hydrogenation preceded by rear- 
rangement of the nuclear double bond it yields poriferastanol. This evidence 
shows that chondrillasterol is the 24a-epimer of x-spinasterol. 


Derivatives: 


Acetate: m.p. 175°; [x]p —1 (CHC) 
Benzoate: m.p. 195°; [aly 4-4° (CHC1,) 
acetate: m.p. 115°; {a]p +9° (CHCI,). 


Grover IV. Srzrots witn Rotations oF [x]p +10° To +30° 
All sterels with well-established structures which belong to this group are 
saturated in the ring system and with one excepticn, neospongosterol, also 
in the side chain. They caa therefore readily be distinguished from other 
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Group IV. Sterols with rotations of {2} +10° to +30° 


natural sterols by their failure to add bromine or to react with perbenzoic 
acid. When quite pure they also do not give any of the typical colour reac- 
tions of sterols. Saturated sterols can readily be freed of unsaturated im- 
purities by subjecting them to a treatment with acetic anhydride and con- 
centrated sulphuric acid in a carbontetrachloride solution. In this reaction 
only the unsaturated sterols form coloured products which because of their 
soluviliity in alkali can easily be separated from the unreacted saturated 
sterols 2%, 205, 

With but one exception the naturally occurring stenols possess the 5 a- 
configuration. The exception is coprosterol (coprostanol), an excretory product 
found in mammalian feces which has the 5 £-configuration. The differences 
between the molecular rotations of the stanols and their acetates are —34 
+11, and the diiferences between the stanols and their benzoates are +2 +32, 
The last value is particularly characteristic and very useful in estimating 
the uniformity cf a sterol saturated in the ring system. 

Only in certain sponges*”, °°, 203,210 have saturated sterols so far been 
found to be tke principal! components of sterol mixtures. In other cases they 
represent such smail fractions of the mixtures that they may easily be over- 
looked. It is probable that eventually the saturated derivatives of ail known 
unsaturated sterols will be isolated from natural sources. 


CHoLestaxou (Dihydrocholesterol, B-Cholestanol), C,,H,,0, is present in 
quantities of 1-2% in cholesterol preparations derived from various verte- 


.p. 142°; +24° 


brate organs and tissues*", Larger quantities, sometimes in excess of 50%, 
are found in the sterol mixtures from certain sponges** 2, * such as tho 
Subcritidae®®. Cholestancl is best prepared by the catalytic hydrogenation 
of cholesterol 


Derivatives: 

Acetate: m.p. 111°; +13-5° (CHC1,) 

Benzoate: m.p. 135°, clears at 155° with a characteristic play of colours. 
Corrostanou (Coprostero!), C,,H,,0, is the only known natural sterol with 
the 5 8-configuration. It occurs in human feces and the feces of carni- 
vores, 14, Samples which have been prepared by the saponification of 
the cther-soluble material of dried feces frequently contain small quantities 
of cholestanol which may greatly affect the melting point™®, Quantities 
of coprostanol are best obtained by the reduction of cholestenone, the 
oxidation procuct of cholesterol 21, 
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Derivatives: 
Acetate: m.p. 30° 
Benzoate: m.p. 125°; [z]p +31° (CHC\,). 


(Dihydro-f-sitosterol, £-sitostanol), C,,H;,0, is a minor con- 
stituent of the sitosterol mixtures of corn oil*"*, wheat-germ oil**, cotton-seed 


m.p. 145°; [z]) +25° 


oil*°, tall oil*? and other plant muterial?**. Pure samples are best 
prepared by the hydrogenation of the stigmasterol**, 


Derivatives: 


Acetate’ m.p. 138°; [z]p +14° (CHC) 
Benzoate: m.p. 137°. 
y-SitostaNoL (Dihydro-y-sitostercl, Poriferastanol{?]), C,,H;,0, is prob- 
25. It has been isolated 
from the soya-bean sterol mixture*** and prepared by the catalytic hydro- 


ably a constituent of many plant sterol miatures*** 


NA 


NA 
( j C,H, 
xy 
HG, VM: 


m.p. 144°; [a], -+19° 


genation of y-sitosterol**5 *6 Since the latter is not easily obtained in a 
pure state, the y-sitostanol preparations obtained from it are also of some- 
what doubtful uniformity. It has been suggested on the basis of optical 
evidence that y-sitostanol is identical with poriferastanol and that it is 
therefore the 24a-epimer of stigmastanol?’. 


Sterols 
HO 
m.p. 101°; +28° 
ay, 
( C,H, 
| 


Group 1¥. Stcrols with rotations of fx}, +10° to +30° 


Derivatives: 

Acetate: m.p. 144°; [a]p +10°. 
SPONGOSTEROL, a sterol first described as a constituent of the sponge Suberites 
domuncula?*®. has been shown to be a mixture of cholestanol and neospongo- 
sterol 


NEOSPONGOSTEROL, ©,,H,,O, is the on'y natural sterol known at present 
which is unsaturated only ia the side chain®”. It accompanies cholestanol 


CcHo 
(~ CH, 
H—C—CH(CH,) 
CH 


I 


m.p. 153°; +10 


in the “spongosterol” mixture from sponges of the Suberitidac family. Neo- 
spongosterol (I) has been hydrogenated to campestanol and ozonized to 
3 B-bisnorallocholanie acid (IT) and d-methylisopropylacetaldehyde 


Derivatives: 
ots ° 

Acetate: m.p. 141-142°; [z]p +8 

Benzoate: 146°. 
ArtosTanoL, C,,H,,0, has been isolated as the major constituent of the 
sterol mixtures from several sponges of the family Suberitidae™®. Its structure 
has not yet been fully established, but the probability is indicated that 
aptostanol and haliclonastanol are identical, 


AA 


p- 135°; +22° 
Derivatives: 
Acetate: m.p. 133-5°; [x]y +14° (CHCI,) 
3,5-Dinitrobenzoate: m.p. 210-212°; [a]) +16° (CHCI,). 
m.p. 100-102°, 4-12-5°, has been reported as being a tri- 
unsaturated component of the mixture of minor yeast stcrols™**, It is of 
uncertain uniformity. 
Derivative: 
Benzoate: m.p. 119-121°; clear 138°; [a]p +19° (CHCl). 
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Grove V. Srenois wira Rotations From [a]p) +40° ro +50° 
Sterols of this group have so far been found only in the mixtures of minor 
yeast sterols left after the removal of ergosterol. They possess a nuclear 
double bond in the 8:9- sition and are referred to as 4®®)-sterols or 
sterols. They resemble the A’-sterols in their resistance to hydrogenation, 
the ease of their rearrangement to J*)-sterols and their colour reactions. 
They may, however, be readily differentiated from the A’-stenols by their 
dextroratation which is the most pronounced of all natural sterols known at 
present. The moleculsr rotation differences between the sterols and their 
aceiates are —46§-5 +1, snd between the sterols and their benzoates +-11-5 

ZymosTerot, C..H,,0, is the most abundant of the minor yeast sterols. 
Since its discovery by Sueptey-MacLean in 192875? it has been studied 


Pt 
IN 
| 
HO’ \“ 


m.p. 110°; [a},, Zymostenol, 4**-cholestenol 
m.p. 129°; [a], +50° 
by several groups of investigators, and its structure has been firmly estabiished. 
The proof rests primarily upon the complete reduction, preceded by re- 
arrangement, of zymestcrol to cholestanol**. 24, upon hydrogenation withcut 


rearrangement te the known A*)-cholestenol®**. 7 and upon the formation 
of acetone during ozonization 24, 

The isolation of zymostcro] from the residues of the commercial ergo- 
sterol production requires numerous recrystallizations, chromatographic 
separations and purification over the benzoate**? and the somewhat un- 


stable dibromide™. 


Derivatives: 

Acetate: m.p. 107-108°; [a]p +35° 

Benzoate: 126-127°; clear at_138°; [a]p +38° 

Dibromide: 157°; [x], +7-5° (CHCI,)**. 
AscostExo., is one of the minor yeast sterols*. It is di-un- 
saturated, and it has been deduced from molecular rotations that one of 


HO” \“ 
m.p. 142°; [a], +435° 
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Group VI. Pseudosterols 


the double bonds is in the 8:9-position**. **, The other double bond is 
believed to be in the side chain, the exact position remaining uncertain™. 
Derivatives: 

Benzoate: m.p. 128-130°; [x]p (CHCl,)™™. 


FecosteroL, C,,H,.0, is another of the minor yeast sterols. It is closely 
related to ascosterol, for beth sterols upon hydrogenation under conditions 


m.p. 162°; p +42° 


favouring rearrargement yicld*“-ergostenol*¥. The presence of the nuclear 
double bond in the 8:9-position has been inferred from rotational data, 
The location of the side chain double bond has not yet been definitely est- 
ablished. It must, however, be in a terminal position, for ozonization of 
fecosterol affords formaldehyde in a yield of 30% *, 


Derivatives: 


Acetate: m.p. 159-161°; +20° (CHCI,)*™ 
Benzoate: m.p. 144-146°; [a]p) +34° (CHCI,)™. 


Grovur VI. Comrounps To Wuicn THe Term STEeROLs 
Has Bren IncorrectLy 
Prior to the recogniticn and subsequent definition of sterols as derivatives 
of cyclopentanophenanthrene, many alcohols from animals and plants had 
been mistaken for sterols because of their resemblance to cholesterol and 
the sitosterols. Since then it has been shown that such resemblances are 
only superficial, and that many of the alcohols are not sterols but members 
of other groups of natural products such as triterpenoids. Thus certain 
alcohcls from wool grease and lanolin are such “ pseudosterols”. Origina'ly 
believed to be a uniform compound and named IJsocholesterol, the alcohol 
mixture was separated by W:npaus*? into two components thought to 
be sterols which were ramed lanosterol, C,,H,,O, and agnosterol, C,,H,,0. 
A few years later it was found* that lanosterol upon dehydregenation did 
not afford a derivative of cyclopentanophenanthrene but imstead 1,2,8,- 
trimethylphenanthrene (I). Since the formation of I from a steroid nucleus 


is inconceivable, it was concluded that lanosterol is not a sterol bet a tri- 
terpenoid alcohol, as is also indicated by the empirical formula. Later™ 
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lanosterol wes also shown to be c mixture consisting of lanosterol, C,,H;.0, 
dihydrolanosteral, C,,H,,0 and y-lanosterol. These compounds are identical 
with, or closely related to, agnosterol and kryptosterol***, a triterpenoid 
alcohol present im yeast. 

The non-steroid nature of pseudosterols may often be recognized with- 
out taking recourse to the wasteful process of dehydrogenation. Many 
sterols are dextro-rotatory in excess of [«]p +50°, which is the highest 
specific rotation observed for any true natural steroi (zymosterol). In 
addition several pseudosterols and their acetates melt above 190° or sub- 
stantially higher than the known sterols and their acetates. Thus faraza- 
sterol is readily recognised as a pseudosterol by its high meiting point, 221°, 
and its high dextro-rotation, [x]p) -+96°. In the absence of such extremes 
in physical properties, pseudosterols may be recognized by comparing their 
rotations with those of their acetates. Amorg natural sterols devoid of 
conjugated double bonds the acetates are always more levo-rotatory than 
the corresponding sterols. The opposite is true for most, if not all, of the 
pseudosterols which give acetates more destro-rotatory than the corre- 
sponding alevhels. In borderline cases it is better to compare the molecular 


Talle 5-—Pseudostevols with one oxygen atom 


Alcohol } Acctate 


231 +120 

Calosterol**, CH 2 | 211 +105 
*z-Aithesterol***, CL 23 247 + 91 
Hemidosterol**, { $2 198 
*Lancsterol*?, : Lo 113 “+ 
a-Tritistero]**, -5 107 +- 
y-Oryste roi, € 
B-Oryst: ro] CH. 104 
a-Orystero, 
*Pseudotaraxast« 
*Coronastercd™, . 
Homoandrosterol?=, 
Hive rostero>, a2). 

Ambrosterul™, 
Euphostere 
Sitosterud* 
O.. 
a,-Sitosterol™*. 2, 
Karitesterol-A™ . 
Keritesterol-B™, CH,,0( 
Oleastcrok, - 
Xanthosterol, ©, 
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The D-vitamins 


rotations of the alcohols and acctates than the specific rotations**, The 
only exceptions to this rule are the sterols of group I which are less deztro- 
rotatory than their acetates. These sterols, however, can readily be re- 
cognized by their very characteristic ultraviolet absorption spectra. 

Table 5 lists a number of monovalent alcoho!s which have been named 
sterols, but which are certainly pseudosterols. Those which have definitely 
been shown to be triterpenvid alcohols have been marked by an asterisk (*). 
To avoid confusion it is recommended in future publications to use the suffix 
-stol rather than -sterol in the trivial names of pseudosterols. Such a change 
has already been adopted in the case of cafesterol, a pseudostcrol now referred 
teu as cafestol *, 

In Table 6 several pseudosterols are listed which possess more than 
one oxygen atom. With the exception of cafesterol, these compounds appear 
to be diterpenoid diols?® or triols. 


Table §—Pseudosterols with more than one orygen atom 


Name 


Nycesterol*™, C,.H,,0,(%) . . +91 
Carpesterol***, C,,H,,0,(%). . y +80 
Matesterol*®, C..H,,0,(?) . . . +65 
Helisterol**> C,.H,.0, . . 

Calendulasterol™, **, 

Cerevisterol®®, C..H,O0, ... 

Serpostercl*4, C,,H,,0, . . . . 

Cafesterol**, .... 

Adluminasterol***, C,,H,,0,(%) 

Ariseasterol?, 2) 


The term sterols has unfortunately also been applied to a number of 
plant products for which no rotaticnal or other instructive data have been 


reported, and which therefore can nct at present be properly classified. 


Included among these ill-defined compounds are gobosterol?*4, scitlosterol™, 
slanutosterol?**, and cucubitasterol?*. 


Tue D-Viramins 
During the first quarter of the century it was recognized that the child- 
hood disease of rickets is due primarily to a nutritional deficiency, and 
that it can be cured either by the addition to the dict of cod-liver or other 
fish oils, or by irradiation with sun light and artificial ultraviolet light. It 
had also become known that the curative power of cot-liver oils is due to 
a fat-soluble unsaponifiable factor now named vitamin D. In 1924 STeen- 
pock?”*® and Hess*8 independently made the most significant discovery 
that the irradiation of the dict is as efficient as that of the patient. They 
inferred from this observation that the inactive diet contained a precursor, 
a provitamin D, which acquired antirachitic activity under the influence 
of ultraviolet rays. A year later™!-3, the provitamin D was traced to the 
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stcrol fraction of various foods, and it was shown that the widely distributed 
cholesterol was activated upon irradiation. The belief at first held that 
cholesterol was identical with the provitamin had to be abandoned when 
it was observed that highly purified samples failed to respond to activa- 
tion*$-5, The purification of cholesterol was associated with the loss cf 
some meterial showing a very characteristic absorption spectrum in the 
ultraviolet. Since the absorption of light is associated with concentration 
of double bonds, it was at one suspected that the provitamin was e sterol 
more unsaturated than cholesterol. Because it was the most unsaturated 
sterol then known, ergosterol was regarded as the most likely possibil- 
ity 3.4. Its absorption spectrum was found to be identical with that of 
the cerpanion of chelesterol, and irradiation of ergosterol afforded a pro- 
duct of extraordinary antirachitic potency. By 1926, therefore, the assump- 
tion appeared entirely justified that ergosterol was the provitamin D, and 
the solution to the problem of a large-scale manufacture of vitamin D seemed 
to be near at hand. 

It took, however, another decade of most arduous research, particularly 
by Wrxpavus’ group in Géttingen and the research team at the National 
Institute for Medical Research in London, before a pure crystalline com- 
pound of vitamin activity was finally obtained. Against all expectations 
the conversion of ergosterol to vitamin D was not a simple quantitative 
one-step reaction, but instead a complex sequence of light-induced re- 
arrangements without parallel in photochemistry**. In this sequence vit- 
amin D is but one of the intermediates, and it is rearranged upon further 
irradiation to inactive isomers. An intelligent interpretation of the course 
of these rearrangements became possible only after the structure of ergo- 
sterol had been elucidated, and after al! irradiation products had been 
isolated in a pure state. 

We now know that the first step in the photo-isomerization of ergosterol 
(1) involves an inversion of the C-10-methyl group from the £ to the « posi- 
tion to give the inactive lumisterol (II)***. This isomer and the others which 
follow are no longer precipitated by digitonin; an important fact which makes 
it possible to follow the disappearance of ergosterol during the irradiation. 

In the next phase a very important step occurs, the opening of ring B 
between C-9 and C-10, accompanied by the formation of a new deuble bond. 
The new isomer, called tachysterol*$ (III) because of its reactivity (‘achys = 
swift), is then rearranged through a shift of the double bonds to the active 
compound (IV), which was subsequently named vitamin D, for reasons 
explained below. Continued irradiation leads to the inactive suprasterols I 
and II (V), about which little is known except that they do not possess the 
steroid nucleus. 

When heated above 125°, vitamin D, loses acitivity through rearrangement 
to two isomers, pyrocalciferol (V) and isopyrocalviferol (VI). They are the 
C-9-epimers of lumisterol and ergosterol respectively. When irradiated they are 
isomerized to VIT and VIII. The elucidation of the structures of the various 
isomers has been reviewed in detail in Freser and Fiesrr’s menograph. 
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The active crystalline irradiation products of ergosterol, named caleiferol 
in England** and vitamin D, in Germany *, were soon shown to lack homo- 
geneity. Thus vitamin D, was found to be a molecular compound of iumi- 
sterol and the active product, now named Vitamin D,*”. In England the 
name calciferol was retained for the pure preparation. 

In the meantime evidence had been accumulating which indicated the 
non-identity of vitamin D, (calciferol) and the active factor of cod liver 


| 
Jn 
| te 
Ho. 
Lumisterol Tachysterol 
m.p. 166°; m.p. 118°; il; [2], —70° (C,H,) 
[2], —132 (CHCl) [a},, +192" (Acetone) 268, 280 and 294 mu 
260, 270, 282, 293-5 mz 265 and 250 mu 


Suprasteroi I + suprasterol II 


IV m.p. 104; [x], mp., 110°; [a]) +63° 
(CHCI,) (CHC1,) 


Vitamin D, 
m.p. 116°; [«], +103° absorption in far ultraviolet onty. 
(ethanol) 265 mu 


Photopyiocalciferol 


Pyrocalciferol 
m.p. 93-95; +502° 
(alcohol) 


Photoisopyrocalciferol 


Isopyrocalciferol 
m.p. 115°; +332° 
(CECI,) 
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oil. On the same rat-unit basis, irradiated ergosterol was much less active 
in chicks than cod-liver oil and irradiated crude cholesterol*. It was inferred 
from this discrepancy that the cod liver oil factor and that derived from 
cholesterol were structurally related to cholestercl rather than ergosterol. 
Accordingly a hypothetical provitamin D, 7-dehydrocholesterol** was 
pared from cholesterol (see page J8) and irradiated. Its photoisomerizataca 
followed the same course as that of ergosterol (I-V), and from the mixture 
of reaction products there was eventually isolated a crystalline compoand, 
vitamin D,**. It proved not only to be as effective in chicks as in rats, but 
also to be identical with the D factor which had in the meantime been isolated 
from fish liver oils™. 

The partial synthesis of vitamin D, from cholesterol is of great economie 
importance. Vitamin D, from ergosterol serves as a satisfactory substitute 
vitamin D, in human therapy but is of no value to the poultry industry 
which is by far the largest consumer of vitamin Dy. 

No antirachitic principle other than vitamin D, has been obtained m a 
pure form from fish liver oils or any other natural source. There are, however, 
indications derived from moiccular distillation daia*> and differewtial thio- 
assays that several other D-vitamins difiering in the side chain stracture 
are present in fish oils. Another active crystalline compound, vitemin D,, 
has been obtained by the irradiation of 22,23-dihydroergosterol**. It is 
more potent than vitamin D, and nearly as active as vitamin D,. 

Fish liver cils are still the best natural source of D-vitamins. Ameng 
them the liver oil of the biue fin tuna, Thunnus thunnus, contains the highest 
concentration, 40,000 International Units per gram, or about 400 times 
the amount present in cod liver oil, Gadus morrhua*. In other members 
of the animal kingdom the D-vitamins occur in very minute quantities only, 
and no detectable amounts are contained in living plant tissues and greem 
vegetables. Many animal and some plant products, however, comtaim signi- 
ficant quantities of provitamin, and their vitamin D content can therefore 
be enriched by irradiation. 


CRYSTALLINE ViTAMINS D 


Viramin D,, calciferol, C,,H,,0, crystallizes in colourless needles o¢ of mp. 
115-i17°. Its specific rotation is greatly influenced by the solvent, [2}, -+-103° 
{absolute ethanol), +83° (acetone), +33° (petroleum ether), and + 91° (ether). 
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Vitamin D, is stable over a period of many months when kept in a seabed 
tube in a dark and cool place. When dissolved in olive oil and kept umder 
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similar conditions, its half-life is in excess of 5 years. It can be eublimed 
but rearranges with loss activity when beated over 125°. Vitamin D, is 
very soluble in chloroform, benzene and ethiylacetate, less so in ether, ethanol 
and acetone, and slightly soluble in methanol. Its ultraviolet absorption 
spectrum shows a maximum at 265 mu, E = 484-5. 


Derivatives: 


3,5-Dinitrobenzoate: m.p. 148-149°; fa}, +55° (benzene) 


p-Nitrobenzoate: m.p. 93°; [a}p +104° (CHC1,). 
Vitamin D,, C,.H,,0, is very similar in its properties, stability, spectrum 
and solubilities to vitamin D,. The product obtained by partial synthesis 


(acetone)*. The vit- 
ibut liver oil possibly contains a 
small amount of vitamin D,™. 


Derivatives: 
3,5-Dinitrobenzoate: polymorphic, m-p. 129° aud 140°; 
+98° (CHCl). 


Vitamin D,, 22,23-Dihydrovitamin D,, C.,H,,0, shows close resemblance 
to the other D-vitamins. Jt has been prepared by the irradiation of 22,23- 


dihydroergosterol and has not yet been isolated from a natural source. 
M.p. 107-108°; +89° (acetone)*. 


Ho’ “ 


Derivative: 
3,5-Dinitrobenzoate: m.p. 235-236°; [a], -+94-5° (acetone). 
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STRUCTURE AND PROPERTIES 
OF PHOSPHATIDES 


P.. Desnuelle* 


Natura State 


Lipid phosphorus and the phosphatide content of animal ard vegetable tissucs 


WHEN THE TOTAL fatty fraction of an animal oz vegetable tissue is submitted 
to elementary analysis, it is generally found that phosphorus and nitrogen 
are present, in addition to the carbon, hydrogen and oxygen of triglycerides. 
There exist, therefore, phosphorus and nitrogen-containing fats which have 
been termed phospholipids or phosphatides. But once having acquired this 
notion, it is somewhat difficuit to relate quantitatively the amount of phos- 
phorus in the fatty fraction (or simply the lipid phosphorus!) to the 
phosphatide content of the tissue. 

Arimal and vegetabie tissues contain, in fact, much non-lipid phosphorus. 
Thus for example, some 75% of the phosphorus of soya bean is present 
in the form of meso-inositol hexaphosphate (phytin) and only 13% in the 
form of phosphatices**. It is therefore necessary to distinguish very care- 
fully these two forms ef phosphorus. On the other hand, when tissues are 
first treated with the usual organic solvents (ether, petroleum ether, chloro- 
form, carbon disulphide), they yield only a small part of their lipid phos- 
phorus. Since, however, the phosphatides, once extracted, are quite soluble 
in the above solvents, one can only think that they are “bound” in some 
manner tn sifu to the other celular constituents. Littie is known of the nature 
of the linkages, or of the complex associations which result from them. It 
is known, however, that living bodies contain lipoproteins, from which 
the constituent lipid is partially liberated when the protein is denatured. 
There are good reasons to believe also that lipids are capable of entering 
into combination with sugars. The presence of a glucoside in the phosphatides 
of soya’ and of a galactoarabinoside in the “cephalins” of groundnut® 
has, in fact, been pointed out. On the other hand, modern counter-current 
technique of separation has made it possible to obtain fractions rich in 
sugars**, starting from preparations of vegetable phosphatides (p. 88). The 
substances contained in these fractions may be considered a priori as evi- 
dence of the structures, stil! more complex, which exist in the midst of the 
cellular protoplasm. These complexes possess too great a polarity to be 


* Professor of Biochemistry, University of Marseille and Director of Laboratoire 
Natioual des Matiires Grasses. 

** It is sometimes possible to separate considerable quantitics of sugars by a simple 
extraction of a chloroform solution of phosphatide with tepid water, It scoms 
probable that weakly bound sugars form part of an extremely labile complex. 
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soluble in the usual fat solvents, and it is only efter suitable degradation 
that such solubility appears. 

It has also been observed for a long time that the addition of alcohol 
to a non-poler solvent greatly improves the extraction of phosphatides. 
This phenomenon muy be attributed to two causes. It is probable, on the 
one hand, that the alcohol partially cr totally destrcys certain complex 
associations, either by denaturing the constitrent protein of the lipoprotein 
or by breaking certain linkages in the phosphatide-sugar complex*. On the 
other hand, the alcohol is capable of solubilising the more or less degraded 
complexes or the covalent combinations such as the glycosides referred to 
above. As far as vegetable iissues are concerned, it can be said that alcohol 
increases not only the quantity of phosphatide extracted but also some- 
times the sugar content of thess phosphatides. 

The analyst who seeks to determine the total lipid phosphorus of a tissue 
is thus exposed to a double danger: the extraction of non-lipid phosphorus 
and the incomplete extraction of phosphatides. The situation is therefore 
somewhat delicate, and numerous techniques of extraction have been suc- 
cessively proposed. We pass quickly over those which recommend the 
destruction of the cellular structure by chemical or enzymatic hydrolysis", 
for although they are certainly efficient, there is a risk that their use may 
bring about important changes in the structure of the phosphatides. In 
Bioor’s book*!, or in various publications of his, a detailed description is 
given of techniques commonly used for the maximum extraction of animal 
lipids on a micro- or macroanalytical scale. The tissue is first dehydrated 
with cold alcohol and then treated with boiling alcohol. The alcoholic extracts 
are evaporated in vacuo and the residue extracted with ether or petroleum 
ether. The resulting residue is thrown away. The lipids are found in the 
organic solvent. It also secins preferable to follow the alechol extraction 
by one or more extractions with ether. When the tissue contains a large 
amount of water the whole treatment is repeated several times. The extracts 
are filtered und evaporated in vacuo as above, and the residue treated with 
a hot organic solvent. For vegetable tissues the preliminary dehydration 
is, as a rule, useless. The finely ground tissue is simply treated with a 4-1"** 
or 1-2'5? mixture of benzene and alcohol, or with a mixture of equal parts 
of benzene, petroleum ether and alcohol’*. But in this case also, the ex- 
tracts must be evaporated and the residue extracted with an organic solvent, 
in order to separate the non-lipid constituents. 

These operations having been carried out, we are going to assume that 
all the phosphatides have been extracted, and we shall endeavour to estimate 
them quantitatively. Our first aim, therefore, is to determine the lipid 
phosphorus (p. 84) and to deduce from it, by the use of a suitable conversion 
factor, the content of phosphatides, Unfortunatcly, it seems that a part 


* A somewhat special mechanism may be evoked here. It is conceivable that certain 
protoplasmic phoephatides are arranged with the other celluler constituents in the form 
of mixed mono- or multimolecular layers. The alcohol “frees” the phosphatides by 
reducing the stability of these Jayers, 
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of the lipid phosphorus does not belong to the phosphatides, since under 
certain conditions it stays behind in the water, without being accompanied 
by fatty acids’. addition, calculation of the conversion factor 
demands a previous knowledge of the phosphorus content of the phosphatides. 
Now natural phosphatidic mixtures are extremely complex. They contain 
many different types of molecules, the phosphorus content of which is not 
identical. It is therefore incorrect to take as a basis—though this is done 
all too often —the phosphorus content of an ideally simple type of molecule 
(dipalmitophesphatidytcholine, for example). 

A second method then comes to mind—the quantitative separation of 
phosphatides by taking advantage of their insolubility in acetone. This 
technique is very useful in the case of enimal phosphatides™ and seems to 
give good results, provided care is taken to add a few drops of an alcoholic 
solution of magnesium chloride to the medium. It must not be forgotten, 
however; that the solubility of phosphatides in acetone is considerably 
increased by the presence of glycerides (p. 92). Thus, there is sometimes 
a risk that the precipitation from acetone may not be quantitative. It 
should be noted also that, even if one concedes the quantitative nature 
of this precipitation, it remains many difficulties in the way of finishing 
the analysis. The weighing of the precipitate, in fact, or its oxidation by 
the sulphochromie mixture!*, probably gives results which are too high, 
owing to the presence of foreign substances in the precipitate’. As before, 
the determination of phosphcrus comes up against the choice of a convenient 
coefficient of conversion. Certain authors’®.* have rightly proposed to 
determine the fatty acids in the acetone precipitate. But there again the 
question is:—What coefficient must be chosen to convert weight of fatty 
acié into weight of phosphatides ? 

Summing up, all these uncertainties are quite normal, and if one is surprised 
by them one is gvilty of an error of principle Each animal orgenism, each 
seed, and even, one may say, each extraction process, provides its peculiar 
phosphatidic mixture, and there is no reason why the fundamental analytical 
characteristics (percentages of P, N, and fatty acids) of these mixtures should 
be the same as those of a known compound. Once this is admitted, it is, 
in spite of everything, not without interest to determine approximately the 
phosphatide content ef various animal and vegetable tissues. 


Distribution in nature 


Vegetable phosphatides 
Phosphatides, like glycerides, are particularly abundant in ripe seeds. It 
zppears that the outside layers of these seeds contain a little more of them 
than the central regions. During germination, phosphatides accumulate in 
the germ. 

The phosphatide content of some oleaginous sceds is given in Table 1, 
These data are only tentative, since in addition to the circumstances pre- 
viously described, it must be noted that the proportions of the phosphatides 
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often vary with the kind of plant, 
the state of maturity of the 
lighting, climate, nature 
of the soil, ete. 

It will also be observed that 
certain seeds, like coconut and 
palm kernels, are very poor in 


phosphatides. The fruits also, 
although very oleaginous, have 
practically no phesphatides. 


Animal phosphatides 


It is known that the reserve 
fats in the higher animals, that 
is, those met with in the adipose 
tissues, are very poor in phos- 
phorus, whilst the specific fats 
of each organ (intestine, liver, 
heart, kidney, brain, etc.) contain 
large quantities. Numerical! data 
relating to this are given in 
Table 2. 

As is seen, the phosphatide 
content of the various organs 
quoted in Table 2 is considerably 
greater than that of seeds. The 
phosphatides in the egg deserve 
special mention since, under the 
name of ovolecithin, they were 
the first known in science and 
technology. A considerable part 
of the phosphorus in egg yolk is 
not, however, lipid for it belongs 
to orthophosphoric radicals fixed 
to a protein: phosvitin™*, 


Phosphatides in microorganisms 

likewise form 
phosphatides, the constitution 
cf which is very srecific (p. 82). 
The amounts found are very 
different depending not only on 
the species which is being studied, 


Microorganisms 


Natural state 


Tuble 1—Phosphatide content of various oil 


eceas* 


Seeds 


Soya. . 


Lupin . . 
Wheat. . 
Wheat 
Rape. . 


Cotton. . 


Groundnut . 


Sunflower 


germ 


Phos p\alides 


dry weight) | 


References 


* The phosphatide content of the oils extracted 
from the above secds depends considerably on 
the technica! methods adopted for the extraction. 


Table 2—Phosphatide content of various 


animal tissues 


Tissues 


Brain 
Human. 
Beef 
Horse. 

Rat 


Spinal cord . 


Liver 
Human. 
Beef 
Horse. . 
Rat . 

Heart 
Human. 


Animal “average” 


Horse. . 
Rat 
Kidney 
Human. 
Beef 
Horse. 
Rat .. 
Milk (cow) 
Rutter (cow) 


Yolk of egg. . 


Phos ph 


fresh (+) 
or dry (—) weight 


6-2-10-7 (+)} 


9-8 (—) 
3-1 (+) 
3-7 (+) 
2-9 (+) 


6-9 (—) 
(—) 
2-6 (+) 
3-0 (+) 


S-0 (—) 
1-6 (+) 
2-6 (+) 
2-3 (+) 
0-1-0-3 
0-6 

7-2 (+) 
20-0(—) 


References 


100, 112 
179 
144 

124, 133 


but also on the composition of the culture medium and other experimental 
conditions. These phosphatides seem generally to be anchored very securely 


within the cellular protoplasm. 
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Structure and properties of phesphatides 


This applies specially to the phosphstides of yeast. '.1% and of the 
tubercle bacillus (p. 82 and ref.'), which up to the present have received 
a great deal of attention. 


CuemicaL STRUCTURE OF NATURAL PHOSPHATIDES 
The known phosphatides possess, like the glyceritcs, an alcohol radical 
linked by one or more ester bonds to one or more fatty chains. But whilst 
the glycerides differ mainly by the chemical nature and the position of 
their fatty chains, the principal difference amongst the phosphatides lies 
in the structure of the alcohol radical. We shalt therefore in the first place 
study this radical. 
Structure of the alcohol radical 

Phosphatidic acids 

To obtain a phosphatidic acid, it is only necessary to replace one of the 
three aliphatic chains in a triglyceride by an orthophosphoric radical. If 
the substitution involves one of the external carbon atoms in the glycerol, 
the phosphatidic acid is said to have the structure z Otherwise, it is f. 


CH,OCOR, CH,OCOR, | 

CHOCOR, CHO—PZO 

OH | OH 
CH,OCOR, 


Structure a Structure £ 
General jormuia for the phosphatidic acids 


Phosphatidie acids may therefore be considered either as phosphoric 
monoesters of the diglycerides or as fatty diesters of glycerophosphoric 
acid. They contain two acid groups, one of which is strong (like that of 
all organic phosphates) and the other very much weaker. They are found 
in nature in the form of calcium or magnesium salts. Otherwise, phosphatidic 
acids do not occur very widely in nature. They nave been isolated from 
the leaves of cabbage and spinach, from carrots and from latex by dii- 
ferent authors*. 1*.175, They have also been found in the wheat germ™ 
and the tubercle bacillus! "8. But since they occur as an intermediate in 
the degradation of aminophosphatides by certain enzymes (p. 97), one 
wonders whether they are not often artefacts formed “ post mortem”. Perhaps 
they are also a stage in the synthesis of the aminophosphatides. 


Phosphoglycerides and phosphoinositides 
Phosphoglycerides—For a very long time two main nitrogen bases have 
been distinguished in the products of hydrolysis of the phosphatides: ethanol- 
amine or colamine, and its trimethylated nitrogen derivative, choline. 
Ethanolamine has basic properties, owing to its amino group. Choline, for 
its part, contains a very strongly jonised quaternary ammonium. One 
might think, a priori, that in the aminophosphatides the two previous 
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compounds would be linked to phosphatidic acids by electrostatic bonds. 
This, however, is not true. The phosphatidates of choline and colamine 
prepared synthetically are not identical with the natural products. In 
the latter, the orthophosphoric radical has an ester link with the alcchol 
group of the base. The general structure of the choline phosphoglycerides 
is thus expressed as follows: 


CH,OCOR, 


(CH,);=N—CH, 
| 


OH 
Hydrated form Dipolar ion form 
Phosphatid ylcholines 


In the left-hand formula the ester appears in the so-catied “hydrated” 
form which contains at one and the same time an acid group (the last group 
of the orthopkosphoric radical) and a basic group (the quaternary aramonium 
of choline). If one were to imagine, albeit with difficulty, that these two 
groups could exist in the seme molecule, one would suppose that they would 
give rise to an internal salt with the loss of a molecule of water™. At the 
present time, in analogy with what heppens in the case of the betaines and 
the amino acids, the formu!a is writter rather as the “dipolar ion” form™. ™, 
Nevertheless, it should be berne in mind that the percentage composition 
of pure dimyristo, dipalmito and Cistearophosphatidylcholines appears to 
be in better agreement with the “hydrated” form than with the “internal 
salt” or “dipolar ion” form™, 

Be that as it may, the above formula gives the structure, aot of a definite 
chemicai compound, but of a whole class of compounds possessing different 
R, and R, chains. Acccrding to the old nomenclature, this class is that of 
the “‘lecithins”. It is known that the lecithins are soluble in alcohol and 
it has been customary to differentiate them from the insoluble “cephalins”. 
We shall sce, a little later, that this distinction is not very significant (p. 76). 
In fact, it is now known that the “cephalin” fraction, which had been thought 
to be simple, contains in the majority of cases many different phosphatides. 
It therefore appears essential to adopt, as quickly as possible, a new nomen- 
clature which will allow a clear designation of all these phosphatides. 

When the two aliphatic chains are taken away from the above formula, 
a radical made up of the three-carbon skeleton of glycerol, the orthophos- 
phoric radical, and choline, is seen to remain. This can provisionally be 
called glycerylphosphorylcholine (GPC). The phosphatide wouid then be 
the fatty diester of this glycerylphosphorylcholine. However, a nomen- 
clature which is a little simpler and yet quite suggestive now appears to 
be adopted. If choline is taken away, there remains actually the radical 
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of a phosphatidic acid, that is to say, a phosphatidyl radical, and the phos- 
phatide can be considered av a phosphatilylcholine*. In this radical, the 
nature of the two chains R, and R, is not specified. If there is a particular 
phosphatidylcholine contaiming, for example, a palmitic chain and an oleic 
chain, we shall cal! it palmito-oleophosphatidylcholine. 

We have just said thai the “ecepkalin” fraction is usually very complex. 
In fact, it contains phosphoglycerides, phosphoinositides, and probably 
other phosphatides in a«idition. However, since its nitrogen is almost com- 
pletely in the amino form, it was thought for a long time that it consisted 
only of **, 


CH,OCOR, CH,OCOR, 
CH,O—P. O CH,O— 
OCH, \O—CH, 
HN in, H,N—CH,—COOH 
Phosphatid ylethenclasnines Phosphatidylscrines 


This molecular type is, in fact, present in “cephalins”. But in 1914, 
MacArtuur!" pointed out that the aqueous phase of the hydrolysates of 
“cephalin” acyuired an intense blue colour with cupric hydroxide. It there- 
fore probably contained an amino acid. In 1941 Foucu isolated some crystalline 
L-serine, out of a hydrochloric «cid hydrolysate of “cephelin” from beef 
brain ®, €, 154, 32. Here again, serine is esterified with a phosphatidic acid 
by means of its hydroxyl group®™ ©. Thus phosphatidylserines have to be 
considered. This new molecular type constitutes about 40-70% of the 
“cephalin” of beef brain. Appreciable quantities are found in the lung, 
the liver, etc.*%. 4. Serine is also met with in the phosphatides of the ground- 
nut®*. Egg yolk, on the other hand, does not contain serine®, 

The phosphatidylcholines and the phosphatidylethanolamines possess 
an acid group and a basic group which, as we have scen, probably result 
in an internal compensation. The phvcphatidylserines, on the contrary, 
contain a supplementary acidic group. They therefore show the properties 
of an acid, and are usually associated with an alkaline ion (K or sometimes 


Na) in natural products. 

Phosphoinositides—-_We have, just above, found two phosphoglycerides 
in the “cephalin” fraction: the phosphatidylethanolamines and the phos- 
phatidylserines; but more recent observations soon showed that this frac- 
tion is of still greater complexity. The phosphatidylethanolamines are, 
in fact, soluble in aleohol when pure ®, whilst by very definition the “cephalin” 
fraction is insoluble. It is therefore necessary to assume that this fraction 
contains other substances truly insoluble which, during their precipitation, 


*It is understood that an O-phoshaticylcholine is concerned. 
** The word “cephwlin” is sometimes even used synonymously with phosphatidyl- 
ethanolamine, 
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carry down the phosphatidylethanolamines or prevent their dissolution. 
KuEeNK and Sakat™ were the first to point out the presence of inosital- 
monophosphoric acid in the hydrolysate of soya bean “cephalin”. These 
authors have thus opened a new and important chapter in the chemistry 
of phosphatides, namely the phosphoinositides. Moreover, among these 
new compounds, inositol is not the only polyhydroxy fragment; it is oftea 
found asseciated with glycerol and (or) sugars such as mannose, galactose, 
crabinose, ete. 

In the first place, Fotcn® and Foicu and Woo.tey® fractionated from 
aleohol the “‘cephalin” from beef brain and from nerves. They found the 
phosphoinositides in the least soluble fractions and attempted to determine 
the structure after the phosphoglycerides had been almost completely re- 
moved. In the hydrolysate, they found equimolecular amounts of inositol- 
metadiphosphate*, glycerol and fatty acids. It would therefore appear that 
there is present a diphosphoinositide in which R, and R, represent, not 
fatty chains as in previous cases, but radicals of indefinite structure. It 
should be noted further that the presence of nitrogen is doubtful in vom- 
pounds of this type. 

One of the fractions of liver phosphatides appears to possess an analogow 


structure!*!, 


Ca** (or Mg**) 
HOHC~ CHOH 
HOHC 
‘OR, 


Diphosphoinositide of Folch 


Secondly, Woottey'® has isolated from soya bean a new imositide to 
which he has given the name lipositol. Total hydrolysis of this compound 
yields 1 mol each of mesvinositol, galactose, phosphoric acid, ethanclamine 
and tartaric acid, together with two molecules of fatty acid. It is not yet 
possible to state with any certainty how these various constituents are 
combined in the complex molecule. One might envisage the existence of 
an ester bond between the phosphoric radical and the galactoinesitol, as 
also between the ethanolamine and the tartaric acid, but the position of the 
fatty acids is not at all clear. 

A third phosphoinositide has been discovered by Fotcn in soya bean™, 
Its hydrolysate contains inositol, phosphoric acid, a sugar, glycerol, fatty 
acids, and an unidentified amine. It is different from lipositol, since it 
contains glycerol but does not contain tartaric acid, 

In short, the structure of the phosphoinesitides is not yet completely 
understood. We do not even know how far the three preceding phosphoinosit- 
ides may be regarded as perfectly pure individual compounds. Bat it is 
now certain that these substances represent an important fraction of animal 


" ® All the inositol of “cephalin” from beef brain is in the form of this diphosphate 
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and vegetable phosphatides, Their presence has been shown, for example, 
in the phosphatides of groundnut® and of corn!; the phosphatides of soya 
bean contain 40%, and acid resistant bacteria are equally rich in them*. 


Sphingomyelins 

There are present in some phosphatides two atoms cf nitrogen for each 
atom of phosphorus. The explanation of this is simple, for in addition to 
a nitrogenous base analogous to those already mentioned (responsible, 
therefore, for the first atom of nitrogen), these phosphatides cortain a 
polyhydroxy fragment containing nitrogen. As far back as 1882 Tuupicuc™ 
showed the existence of diaminophosphatides in brain, which he separated 
by virtue of their insolubility in cole ether, and which he named sphingo- 
myclins. On total hvdrelysis, these new compounds gave rise to 4 base, 
sphingosine, to which TuupiIcucM attributed the empirical formula C,,H;,NO,, 
a formula which is not, however, quite correct*, Sphingosine contains, 
in fact, a double bond between carbon atoms 14 and 15, since it gives rise 
to myristic acid on oxidation. 1t contains, besides, three groups which caa 
be acetylated, namely, one amino group and two nydroxyl groups wkich 
are, moreover, adjacent to each other. The sphingosine chain therefore 
contains 18 carbon atoms. The relative positions of the amino and hydroxyl 
groups has been recently determined by Carter”, who chowed that N- 
benzoyldihydrosphingosine is not oxidised by periodic acid. Hence the 
am‘no group is situated between the two hydroxy] groups. 

In the hydrolysate from sphingomyclin there is found, in addition to 
sphingosine, choline phosphate and a fatty acid. It appears to be certain 
that the latter is attached to the nitrogen through an amide link, since 
there is no free amino group present, measurable by vAN SLYKE’s method, 
until the fatty acid is liberated. The choline phosphate is therefore attached 
by an ester link to one of the two hydroxyl groups. 


CH,—{CH,),, CH =CH—CH—CH—CH, 


(CH,),=N—CH, 
o 


Sphingomyelins 
Other phosphatides 
Beside the classical phosphatides which we have just considered, there are 
others which are not so gencrally distributed. We will only mention two, 
the ucetalphosphatides and eardiolipid. 

Acetalphosphatides—It is known that, in contact with Scnirr’s reagent, 
cytoplasm becomes coloured. It thus apparently contains aldehydes which, 
moreover, are not free but are bound in labile compounds™, These com- 
pounds (plasmalogens), once they are extracted from beef brain and muscle, 
may be decomposed by HC! or HgCl,, setting free a substance which can 
be removed by steam distillation, viz. plasmai, The latter is a mixture of 
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fatty aldchydes**, and plasmalogen is an acetal of glycerylphosnhoryl- 
ethanolamine®. 


Acetal phos phatide 


We thus find ourselves dealing with interesting new compounds, the 
structure of which is not very different from that of phosphatidylethanol- 
amines. The two acyl chains of the latter are simply replaced by an aliphatic 
aldehyde fixed by an acetal bond to the glycerol skeleton. The acetal- 
phospnatides from beef brain have recently been obtained crystalline’. 
They chiefly contain palmitaldehyde and stearaldchyde™®, 

Cardiolipid—It is likewise known that extracts of beef heart are used 
in the WASSERMANN test, apparently on account of their cholesterol, classical 
phosphatides, and cardiolipid content. The structure of this cardiolipid 
is not yet known with certainty. Its alkaline hydrolysates contain linoleic 
ard oleic acids, as well as a polyester of glycerol and some glycerophosphoric 
acid'!*, It is therefore likely io be s complex phosphatidic acid. 


The fatty acids of phosphatides 
Phosphatidic molecules (except the acetalphesphatides) thus contain one 
or more fatty acid chains. The acids, although readily liberated on alkaline 
saponification or by treatment with an acid in alcoholic solution*, have 
not up to the present been exhaustively studied. Investigators in the phos- 
phatide field have, in fact, fixed their attention on other structural peculiarities. 
Nevertheless, scme interesting facts are available to us**. 

Before going into details from the quantitative aspect, it is fitting that 
one should ask what is the mode of distribution of the fatty chains in phos- 
phatidic molecules. In the case of the glycerides, the elegant researches 
carried out by HiLpitc# have taught us that this distribution is “even” 
(vegetable) or “random” (reserve glycerides in animals). At any rate, one 
finds in nature much more mixed glycerides (containing, like cioleopalmitin, 
different chains) than simple glycerides (containing, like triolein, three 
identical chains). In contrast, it is not yet known whether the two chains 
Kk, and R, in the natural phosphoglycerites tend to be identical or different. 

As we shall sce later (p. 97), phosphoglycerides !ose one of their aliphatic 
chains in contact with the phosphatidase from the venom of the snake or bee, 
thus giving rise to Iysophosphatides. Now these substances apparently 
contain ocly saturated chains, whilst the fatty acids liberated during enzymatic 


* The corresporcing esters are then obtained directly. 
** These facts, as well es the comments given with them, have for the most part beea 
taker from excellent book”, 


. 
CH,—O 
\R 4 
bu 
sos 
: ‘H,-O—P~—o 
\O—CH, 
H,N—CH, 
§ 
79 


Structure and properties of phosphatides 


hydrolysis appear to be unsaturated’, If these observations are correct, 
and if the enzyme brings about no structural change by transacylation, 
then one is bound to admit that each molecule of phosphoglyceride contains 
an unsaturated chain and a saturated chain’. However, natural phos- 
phatides often contain too many unsaturated acids for this fact to be given 
a gencral character. Even if it is assumed that all the inositides of the soya 
bean possess an unsaturated acid, there still remain in the phosphoglycerides 
of this bean more unsaturated than saturated acids. Further, let us remember 
that dipalmitophosphatidylcholine has recently been isolated from certain 
beef organs'®5.1°, The problem is therefore worthy of a new careful ex- 


amination. 


Plant phosphatides 
In Table 3 will be found the composition of mixtures of fatty acids obtained 
by alkali saponification of the phosphatides of the soya bean and rapeseed®, 
linseed, cotton and groundnut®™, All the analyses were carried out using 
modern methods of fractional distillation of the esters. 


Table 3—Faity acids (°% wt.) of various vegetable phos phatides 


Fatty acids Soya? Groundnut | Linseed | Sunflower Cotton Ra peaced** 
4-0 2: 10-6 5-1 73 | 

Palmitoleic . . | 8-6 -- 35 1-5 2-1 
Oleic... 98 47-1 | 33-6 193 | 20-3 22-4 
55-0 22-7 | 204 459 | 44-4 42-2 
55 |. = 55 | G4 | — 
| - | - | 29 


* Fraction soluble in alcohol (*lecithins”). 
** Fraction insoluble in alcohol (‘ cephalins”). 


Although somewhat few in number, these analyses enable a preliminary 
comparison to be made between the fatty acids of vegetable phosphatides 
and those of glycerides from the same source. The following points should 
be particularly noted. (a) In general, linoleic acid is the chief constituent 
in both phusphatides and glycerides. Only in the case of the groundnut 
and, curiously enough, in linseed, is this predominance challenged by oleic 
acid. (b) Saturated acids (represented especially by palmitic acid, as usual) 
seem slighily more abundant in the phosphatides than in the glycerides. 
(c) Specific acids of certain vegetable oils [erucic acid (rapeseed) and arachidic 
acid (groundnut)] are found in the phosphatides, although in small pro- 
portions, The presence of palmitoleic acid in four phosphatides out of six 
is also worthy of note, since this acid is not of widespread occurrence 
in the vegetable glycerides. (e) Finally, vegetable phosphatides contain 
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unsaturated C,, and C,, acids. These acids, which are for the most part highly 
unsaturated™®, do not appear to occur, at least in appreciable amounts, in 
the vegetable glycerides. But we shall find that they are present in much 
greater quantity in animal phosphatides, 


Animal phosphatides 


It is known that the reserve glycerides in animals possess appreciable bio- 
chemical “plasticity”. The fatty acids of these glycerides are, in fact, 
continually being replaced by new acids arising either from synthetical 
or nutritional processes. When synthesis predominates the glycerides become 
richer in saturated and mono-unsatureted acids, and their iodine number 
decreases. When, on the other hand, the diet provides an abundance of 
poly-unsaturated acids or acids not usually present (such as elaidic acid) 
these are found after a time in the glycerides. The composition of these 
glycerides therefore varics considerably with the ration. At first sight, the same 
seems to be true for the fatty acids of the phosphatides. It has been observed 
that the iodine number cf phosphatides isolated from various animal organs 
depends on the way in which the animals are fed'™*.15*,15, and that iodised 
fatty acids® and elaidic acid! can become incorporated in the phosphatides 
when they are present in the ration. However, other observations suggest, 
in contrast, that the proportions of the phosphatic fatty acids sometimes 
enjoy a certain stability. Thus, the iodine number of egg lecithin, for in- 
stance, does not increase when hens are fed on linseed cake*, and the C,,, 
C,, and C,, fatty acids are not well incorporated into the hepatie phos- 
phatides in the rat*.1+, Moreover, if the figures in Table 4 are examined, it is 
seen that the hepatic phosphatides in various animals, which have app arently 
heen very differently fed, contain the same fatty acids in proportions which 
are, on the whole, analogous. It therefore appears that the compositions 
given in Table 4 have a character which is not entirely rigid. But for all 
that, they allow some interesting comparisons of 2 general nature to be made. 


Table 4—Fuatty acids wt.) of various animal phos phatides 
PROS} 


(The figures in parenthesis indicate the mean unsaturation [i.e. the number 
of hydrogen atoms lacking] for the fraction under consideration.) 


Satu.ated acids Unsaturated acids 


Cie Cs Cre Cre K Cx Cy 

Liver (pig). . | — 12-1 15-4° 1S - (2-0) (229) 26-0 (6-5) | 
Liver (beef) 28-2) 0-2 | 0-7 (2-0) | 3-8 (2-0) | 31-5 (2-9) 19-9 (7-5)| 
Liver (sheep). - 12-6 21-8 08 8-9 (2-0) | 27-8 (3-1) 28-1 (7-4); 
Heart (beef) . | - 14-0 21-0 - 45-0 15-0 
Suprarenals | 

(beef)... | 1-2 (23-8 IL-l 2-0 - 40-2 22.9% ? 
Brain (human); — | SV 21-0) -- - 2-0 40-0 (2-0) 29-0(7-0)}  ™ 
Egg (hen). . | — (391-8) 4-1) - (2-2) 13-3 
Milk (cow), . | 5:3 - 161 18 - 70-6 (2-0) | 6-3 108 


* For the most part, arachidonic acid 


3 Progress In the Chemistry of Fats, Vol.1 81 
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The most striking fact brought to light by the figures in Table 4 is un- 
doubtedly the high content of long chain (> C,,), highly unsaturated acids 
in the animal phosphatides. These acids very rarely occur in the reserves, 
but are abundant in the organs, combined in both glycerides and phos- 
phatides. Amongst these acids, one is very well known, namely the Ay ¢ 41 44 
eicosatetraenoic acid, or arachidonie acid!*, the most abundant source of 
which is of course the suprarenals of beef. The structure of the unsaturated 
C,, acids has not yet «cn determined with certainty. A large part of the 
extreme instability of the phosphatides ts undoubtedly due to these acids. 
We should also note the unusual preportions of stearic acid which, in the 
saturated acid group, often strive with palmitic acid for first place. 


Phosphatides of the tubercle bacillus 
In the course of a series of investigations on the lipids produced by the 
tubercle bacillus?, the phosphatides of this bacillus have attracted a good 
deal of attention. The structure of their alcohol radical at first appeared 
to be entirely new. But since analogous structure have been found in clas- 
sical phosphatides, it now appears that their originality lies mainly in the 
nature of their fatty acids. 

The polyosidiec group of these phosphatides is sometimes made up of 
glycerol, mannose and inositol. But it is known that the nature of the 
polyoside varies appreciably with the composition of the culture medium“, 
bE Suté-Nacy and Awnperson® identified inositohmonophosphoric and 
inositolglyccrophosphoric acids in the hydrolysates of certain phosphatides. 
The bacillar phosphatides, on the other hand, do not contain any cf the usual 
nitrogen bases. The small amount of ammoniacal nitrogen (0-4% approx- 
imately) which they contain can apparently be eliminated by careful puri- 
fication?*, 1%, 135, 

The fatty acids common to the glycerides and the phosphatides are, 
or the contrary, quite specific. They consist of a very complex mixture 
of saturated, unsaturated, and branched chain acids, from which, up to the 
present, only two have been isolated, namely, tuberculostearic acid and 
phthioic acid. These two acids are essentially branched in character. The 
first is quite probably the laevorotatory isomer of 10-methylstearic acid’, 
The structure of the sceond is not yet known with certainty. Several 
phthioie acids (C.,, C,, and C,,) have actually been found. These are 
probably «f-ethylenie acids possessing several branched chains (four for 
the C,, acid). One of the side chains, consisting of a methyl group, is in 
the «-position®*, 28, 


The isomerism of phoephoglycerides* 
af-isomerism 
It is known that the phosphoglycerides are triesters of glycerol. They 
therefore, in principle, have the same possibilities of isomerism as the tri- 
glycerides. But of the three ester radicals, the orthophosphoric radical is 


* The structure of the phosphoinositides is still too little known for a useful dis- 
cussion of their isomerism yet to be initiated. 
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obviously of special importance, and we shall merely ask whether, in the 
natural phosphatides, this radical is attached to one of the end carbon atoms 
of the glycerol (structure «) or to the central carbon (structure £). 


For more than 40 years the opinion was heid that the phosphoglycerides 
{in particular, the phosphatidylcholines) occur in nature both in the « and 
8 forms. This view was based on the following fact: when phosphatides 
are hydrolysed, cither by anu acid or a base, «- and #-glycerophosphoric 
acids are obtained*. However, in 1934 Bartty™ found that a derivative 
undoubtedly possessing structure a, the diester of methylglycidylphosphoric 
acid, gave rise, during alkaline hydrolysis, to f-glycerophosphoric acid. 
This important observation suggests (see also ref. ™) that the phosphoric 
acid readily moves during hydrolysis. The presence at one and the same 
time of «- and £-glycerophosphoric acids in the hydrolysates therefore does 
not mean that «- and #-phosphatides actually occur in nature. 


Baitty’s conclusions were later confirmed by numerous researches. 
It was first shown**.!” that boiling mineral acids brought about the estab- 
lishment of an equilibrium between the « and § forms of glycerophosphoric 
acid ‘73° of the a-form and 27% of the 8). On the other hand, alkalis did 
not make the «a-glycerophosphoric acid undergo any isomerisation. But 
zikaline hydrolysis of the phosphatides gave rise transiently (p. 97} to 
glycerylphosphorylcholine, which was isomerised and appreciably racemised 
in alkali§. Both alkaline hydrolysis and acid hydrolysis are therefore likely 
to cause migration of the orthophesphoric radical. 


Thus, it is now appropriate to ask whether the natural phosphoglycerides 
are found all in form «, ali in form f, or simultaneously in both forms. The 
purest preparations of phosphatidylcholines show weak roiatory power. 
This fact does not, however, prove the existence of a muvlecules, for the 
B-molecules, in which the two chains R, and R, are different, also possess 
an asymmetric C atom. A further observation is fortunately more significant. 
Hydrolysates of egg lecithin contain an optically active glycerophosphoric 
acid™, The active isomer can obviously only arise from an a-phosphatide 
since the a-glycerophosphoric acid formed from a f-structure, is certainly 
racemic. Moreover, glycerophosphorylcholine obtained by enzymatic hydro- 
lysis of pancreatic phosphatides possesses structure a: the dipalmito- 
phosphztidylcholine extracted from beef brain is identical?” with the syn- 
thetic « isomer™; finally, the acetalphosphatide crystallised from brain 
gives rise to the «-glycerophosphoric acid, in the course of a reaction which 
is not likely to cause any migration. 


It is therefore quite apparent that phosphatidie preparations from a 
natural source contain a-phosphoglycerides and, pending further information, 
it is the existence of f-structures which is in doubt. For this reason, all 
our formulae have been written as “a”, 


* The two isomers can easily be distinguished by the solubitity of their barium salts 
in the presence of barium nitrate or by their bekaviour with pericdic 
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Stereoisomerism of a-phosphoglycerides 
The fact that an af-diglyceride belongs to one of the L or D series is obviously 
to be deduced from its connection with the laevo- or dextrorotatory glycer- 
aldehyde’, If it is assumed that a certain «-phosphatidylcholine is derived 
from the corresponding of-diglyceride, the same connection can be used. 
But it must be noted that, if it is assumed that this phosphatidylcholine 
is derived from the a-glycerylphosphorylchoiine, the connection is reversed. 
A choice must therefore be made. 

From a purely chemical point of view, logic demands that the structure 
of the glycerylphosphorylcholine should be taken as the reference structure, 
since all the phosphatidyleholines contain the same glycerylphospkoryl- 
choline, whilst the related diglycerides are different. But if, as some authors 
think, the biochemical synthesis of «-phosphoglycerides starts from «-glycero- 
phosphoric acid, it would undoubtedly be more judicious™ to take as reference 
the structure of the latter acid, and consequently that of the af-diglyceride. 
The final stereochemical relationships of the phosphatides with the hydro- 
carbons would in this way be taken into greater account. 

Be that as it may, the natural phosphatides in general possess con- 
siderable rotatory power. The rule according to which nature synthesises 
one of the optically active isomers, whenever the presence of an asymmetric 
carbon atom allows this to be done, has therefore, in this case also, been 
confirmed. The dipalmitophosphatidylcholine receatly isolated from Cysti- 
cercus fasciolaris’®’, from the brain, the lung and the diaphragni'™ belongs, 
according to the first of the above conventions, to the L-series. The same 
structure must also be assigned to the phosphatidylcholines of the egg® 
and brain, since on hydrogenation they give the L-x-distearophosphatidyl- 
cheline™. 

TECHNIQUES OF ANALYSIS AND SEPARATION 

Analysis of various constituents of natural phosphatides 

In this chapter we intend to survey briefly the estimation of phosphatidic 
phosphorus and the chromatographic separation and estimation of the 
three nitrogen bases (choline, ethanolamine and serine). The estimation 
of other elements* or characteristic coastituents and, in particular, the 
microbiological estimation of inositol®, are too well known for it to be nec- 
essary to dwell on them, 


Determination of phosphorus 
This estimation consists in two successive operations: the mineralization, 
which is effected by treating with an acid or base, and the estimation proper, 
which may be colorimetric, gravimetric or volumetric. The choice between 
the various techaiques is dictated by the absolute amount of phosphatides 
available, and by the concentration of these phosphatides in the prepara- 

* Note, however, regarding the estimation of amino nitrogen by the van SLYKE 
method, that it is preferable to use the aqueous phase of the hydrolysate, rather than 
an acctic acid solution of the phosphatides themselves, 
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tion being investigated. Waen the amount of phosphatide available is 
relatively smell and in a concentrated state, as is generally the case with 
fatty extracts of animal organs or with acetone precipitates (p. 86), the 
colorimetric method is usually employed". *, #4. This estimation, as is known, 
depends on the reduction of phosphomolybdate to a blue compound, and 
it possesses real advantages on the score of rapidity and simplicity. It 
lends itself equally well to a series of determinations. Nevertheless, when 
the phosphatides are found mixed with large amounts of phosphorus free lipids 
(e.g. glycerides) the acid mineralization becemes tediously slow. Moreover, 
the method becomes subject to important errors*. It is necessary, therefore, 
to mincralize with magnesia and precipitate the phosphorus finally in the 
form of ammonium phosphomolybdate. This salt is weighed, either directly’ 
or after converting to pyrophosphate®, or it is estimated volumetricaily 
by titration™’. The gravimetric and titrimetric methods will obviously give 
more accurate results than the colorimetric. 


Separation and estimcetion of the nitrogen bases 


The acid hydrolysates of phosphatides contain three principal amino bases 
in their water soluble fraction: choline, ethanolamine and serine. Paper 


chromatography, which has known striking successes in other fields, permits 
a very sharp separation of the three bases when a solvent mixture of n- 
butanol-morpholine™ is used. The spots corresponding to choline can be 
identified by first treating with phosphomolybdic acid and then with stannous 
chloride in hydrochloric acid; the spots due to ethanolamine and serine 
give a characteristic blue coloration with ninhydrin. 

The quantitative determination of choline is carried out in a particularly 
convenient maaner, by forming the insoluble choline reineckate after hydro- 
lysis with methanolic hydrogen chloride or baryta. The reineckate is then 
dissolved in acetone and estimated colorimetrically™. The estima- 
tion of serine and ethenolamine requires two determinetions*’, namely the 
vax SLYKE amino-nitrogen, which gives the sum of the two bases and the 
N-carboxyle™*, which gives the serine alone. 


SysTeMaTic FRACTIONATION OF PHOSPHATIDES 


Fractionation by precipitation 

The acetone-insoluble fraction of the total lipids (p. 71) is first of sll sub- 
mitted to a series of precipitations by acetone, the precipitate being taken 
up again each time in a little cther** or chloroform. This preliminary puri- 
fication can be finally completed by a dispersion in salt water, followed 
by a flocculation with acetcne™.'*, The phosphatidic acids are separated 
by treating the above ethereal solution with acetone-hydrochloric acid, 


* It secms that a part of the phosphorus is iost in some volatile form when acid 
mineralization is curried out in the presence of a large excess of reducing material™, 
** Sphingomyelirs are found in the fraction insoluble in cold ether, as are also the 
phosphoglycerides which contain two saturated chains, 
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Teble 5—Fractionation of phosphatides by precipitation 
Acetone-insoiuble fraction 


cole cther 
Solution Residue 


| + acetone-hydrochloric (Sphingomyclines) 
acid 


Solution Precipitate 
(phosphatidic | 
acids) Alcohol 
Solution Residue 
(“Lecithines”’) (or precipitate) 
(““Cephalines”) 


under which conditions the phosphatidic acids remain in solution. They 
are finally purified through the agency of various metallic salts™-1, The 


99 recipitate is then s¢para- 
Table 6—“ Lecithin” and “‘cephalin”’ content of P 


various phosphatides 


ted into an alcohol-soluble 
fraction called “lecithin” 
“Lecithin” | “Cephalin™ peterences and an_alcohol-insoluble 


| ° > 
- fraction called “‘cephalin”. 


a a 35-0 5. As we have already 
Groundnut . . . 35-7 remarked, this notion of 
Sesame... . 52:2 “lecithin” and “cephalin” 
ategat + has dominated the whole 
Linseed. . . . . 36-2 
Sunflower. . . . 38-5 chemistry (and biochemi- 
h 4; 
stry) of pkosphatides for 
Liver (beef). . . 49-0 ; many years. It has, in 
Kidney (beef). . | 45°6 fact, little significance, and 
Brair (human) . 15-5 shortly we shall have a 
Heart (human) somewhat more precise 
idea of the complexity of 
cephalin. However, following once mere the customary use of these terms 
we give in Table 6 the respective proportions of “lecithins” and “cephalins” 
in various natura] phosphatides. 

Note, also, that one might consider the purification of the “lecithin” 
fraction through the ether-insolub!e cadmium chloride complex*. Ua order 
to regencrate the phosphatidylcholines, the complex is usually dissolved 
in chloroform and treated with an alcoholic solution of ammonia. But this 
treatment secms sometimes to bring about considerable degradation, and 
it is preferable to allow the complex to dissociate spontaneously in a chloro- 


* The separation of the cadmium chloride complexes is not now carried out by a 
simple ether extractien of the solid products, but by a partition between petroleum 
ether and alcohol, 
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form-alcohol- water mixture. The phosphatidylcholines pass into the 
chloroform phase and the cadmium salt passes into the aqueous alcoholic 
phase. In this way, Paxcporn’™* has prepared the phosphatidylcholines 
of egg and of beef heart in a form which appears to be practically pure. 
In the vast domain of “cephalins’’, however, precipitation techniques have 
been less fruitful. Nevertheless, Fotcu® has been able to precipitate suc- 
cessively the phosphoinositides, the phosphatidylserines and the phosphatidyl- 
ethanolamines by adding alcchol by degrees to chloroform solutions of 
“cephalins”. 


Chromatographic fractionation 
Absorption chromatography does not here appear to be very efficacious. 
However, choline-containing phosphatides (phosphatidylcholine + sphingo- 
myelins) may be removed from choline-free phosphatides by percolation 
through a column of magnesia’® or powdered cellulose!*. The use of the 
magnesia columns has given rise to the interesting result that the greater 
part of serum phosphatides contain choline. Moreover, an adsorption column 
technique, in which aluminium oxide is used, has been described for the 
isolation of the phosphatidylcholines from egg phosphatides™, 

Partition chromatography has not yet been used for the fractionation 
of phosphatides. Reversed-phase partition chromatography would perhaps 
be able to yive good results 


Fractionation by counter-current distribution 
Counter-current technique gives a very satisfactory fractionation. It will 
be recalled that this technique recently carried by Craic® to a high degree 
of efficacy, consists in distributing the various constituents of a mixture 
according to their respective partition behaviour between two non-miscible 
solvents circulating in opposite directions. Fig. 1, taken from a paper by 
ScHOLFIELD ef al.* indicates the results obiained with soya “lecithin” 
(left diagram) and “cephalins” (right diagram) in a system hexane-methanol. 
The major part cf the alcohol-soluble constituents (“lecithin”) appears 
to behave as a homogeneous substance, containing phosphorus and nitrogen 
in nearly equimolecular provortiois. This is presumably a mixture of classical 
phosphatidylvholines. Nevertheless, they are not rigorously pure, for in 
that part of the picture which corresponds to them is found a sugar con- 
stituent which is very soluble in methanol. This constituent moreover 
appears to move about in quite an independent manner*. Further, the 
right part of the picture shows the presence of choline-free phosphatides, 
the partition coefficient of which is not sufficiently different from that of 
phosphatidylcholines for a complete separation to be effected**. 

The cephalin diagram is equally instructive and suggests that this frae- 
tion contains at least two major groups of substances. The first, soluble 
in hexane, appears to be sufficiently well defined. It contains phosphorus, 


* We are possibly meeting again the fecbly bound sugars of Rewatp (p. 70). 
** At least, with the limited number of tubes used in the experiment. 
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Fig. 1. Counter-curicut distribution of soya “lecithins” and “cephalins” In a hexane-methanol aystem 
(aftcr ScuoOL¥IELD et al, **), 
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nitrogen, inositol and a sugar, the molecular proportion of the phosphorus 
being higher than that of the other elements. The second, soluble in methanol, 
is noticeably more complex and undoubtedly comprises phosphoinositides, 
phosphoglycerides and a sugar, which, like that of the phosphatidylcholines, 
moves about independently. This technique, applied in the same manner 
to the phosphatides of corn’, appears, it would seem, to be full of promise, 
and should certainly be capable of bringing important results in the future. 


Estimation of sphingomyelins 
As is known, sphingomyelins are hardly soluble in cold moist ether, but 
this cannot be utilised for their quantitative estimation. This estimation 
is effected by taking advantage, both of the insolubility of the reineckate, 
2nd also of the special stability exhibited by the phosphorus and the choline 
of sphingomyclins under the conditions usually employed for phosphatide 
hydrolysis 

Table 7 gives some indication of the sphingomyelin content cf various 
animal tissues. 


Tabie 7—Sphingomyelin content of various animal tissues 


All the amounts refer to dry weight) 


Mor 04M ino- 
Origin phos phalides 
(mg Pin 190g) 


Sphingomyelines 
(ng P in 1009) References 


211 13 


train (rat) . 
Brain (beef) 
(Grey matter). | 158 12 st 
(White matter) 295 93 $6 
Liver (rat)... 112 3 st 
Heart (rat). . . | 91 5 st 
Plasma (human) | 9 1 o 
1-09* 0-72* | 93 
Serum. .... 2-54* 0-20" 


1-63* 


* Amounts expressed in millimol. per litre 


CHEMICAL SYNTHESIS OF THE PHOSPHOGLYCERIDES 


Phosphatides occur abundantly in nature. We should therefore not need 
to synthesise them were it not sometimes necessary to prepare pure phos- 
phatides for comparison with natural phosphatides. The real difficulty 
during the synthesis lies in having sufficient control of the operations to 
be sure of obtaining quite definite products at the end of the processes, 
The first attempts at synthesis date back to the last century®. They 
were aimed at preparing phosphatidic acids ‘y means of phosphorylation 
of diglycerides. The phocphorylating agent was phosphoric anhydride or 
metaphosphoric acid. A little later Grin and his collaborators”. also 
tricd to phosphorylate diglycerides by phosphoric anhydride, in tac presence 
of a little water. Many scrious objections to these first attempts can be raised, 
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(1) The structure of the diglycerides was probably uncertain. Actually it 
is now known that special precautions must be taken if cne wishes to avoid 
isomerisations during the synthesis of partial glycerides. The so-called 
af diglycerides used by Grin were thus undoubtedly mixtures of the aa’, 
and af isomers. 

(2) The extremely violent action of phosphoric anhydride is difficult to 
control. Besides the true monoester, di- and polyesters are formed according 
to the reaction: 


CH,OCOR, CH,OCOR, 
| 
~ H,PO, 4+- CHOCOR, CH,OCOR, 
OK 
CH,O—P— 0 CH,O—P—O HOCOR, 
‘OH 
a 


(3) Finally, this anhydride is able to cause isomerisation during the actual 
phosphorylation. 

Knowing these difficulties, Grin and other authors finally suggested 
that phosphoric anhydride should be replaced by phosphorus oxychloride 
in pyridine or quinoline. The results obtained in the phosphorylation are 
apparently better, but the direct condensation of phospheatidylchloride with 
the nitrogen base gives rise to numerous secondary reactions: which com- 
plicate the subsequent purification of the phosphatide. 

Phosphorus oxychlorice was also used by Rose’ in 1947 to convert 
ax’-dipalmitin into dipalmitophosphatidyl chlorice*. This latter is con- 
densed with carbobenzoxyethanolamine or ethanolaminephthalimide. The 
carbobenzoxyl or phthalyl radicals which protect the amino group during 
the condensation are finally removed by phosphonium iodide or hydrazine 
respectively, in accordance with the classical rules of synthesis of the pep- 
tides. 

More recently still, Bazr described another process, the chief char- 
acteristic of which is the use of phenylphosphoryl dichloride in the phos- 
phorylation of the diglyceride. A brief review of the synthesis of L-a-di- 
stearophosphatidylcholine™ is now given. 

D-Acetoieglyceric aldehyde! is first reduced by Raney nickel in D- 
acetoneglycerol. The compound is benzylated through the OH in the a- 
position, and acetone is climinated by means of 0-2 N-H,SO, in aqueous 
ethanol. The L-x-benzylglycerol thus obtained is acylated by means of 
stearoylchloride in a mixture of quinoline and carbon tetrachloride. The 
benzyl radical is removed by catalytic hydrogenation in the presence of 
pallactium black. The D-af-disteurin (I) is obtained in this way in good 
yield, It is phosphorylated at 10-35° by means of phenylphosphoryldi- 
chloride® in a pyridine-chloroform mixture. Under these conditions only 
one of the chlorine atoms in the dichloride reacts. Thus the chief product 


* The chloride was not isolated, but the corresponding f-phoaphatidic acid could 
be obtained, according to the author, in an analytically pure state, 
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is distearophenylphosphatidyl chloride. This is in»mediately transformed, 
by the addition of well-dried choline chloride, into its choline ester (II), 


CH,OCOR, CH,OCOR, 
HOCOR, bocor, 
II 


| 
(CH,),=NCH, 
€ qe 


which is purified, transformed into the reineckate and then into the sulphate. 
The phenyl radical is removed by catalytic hydrogenation in presence of 
platinum oxide, and the L-«-distearophosphatidy!choline is finally crystallised 
in diisobutylketone ([«]p = +-6-1° in a mixture of equal parts of chloroform 
and methanol). The L-x-dipalmitic and L-z-dimjristic derivatives have 
been prepared in the same way. The DI. compounds were obtained from 
the corresponding DL-xf-diclycerides. 


To end, let us observe that one could imagine a method for bringing 
about the preceding synthesis, starting from glycerylphosphorylcholine. 
Bat the acylation of this compound by an acid chloride is incomplete®. 
The chief product is the monoacylated derivative". 


GENERAL PROPERTIES OF THE PHOSPHATIDES 
Physical properties 

The physical properties of phosphatides depend to a large extent on the 

nature of the fatty chains which they contain. The appearance, m-p. and 

solubility are influenced by the degree of unsaturation of these chains, 


External appearance 


In the pure state the synthetic saturated phosphatides are white. The 
natural products, which are also white after very careful purification, 
normally have a more or less pronounced yellow colour. Animal phosphatides 
have a waxy consistency, whilst vegetable phosphatides occur in a form which 
may readily be r,educed to powder*. The latter can be kept for a fairly 
long time without any special precautions. The animal phosphatides, on the 
other hand, quickly become brown on exposure te air and have a tendency 
to liquefy. 


The crystalline state 
it is not yet customary to look upon the phorphatides as substances which 
can be crystallised. However, the synthetical saturated derivatives give 
definite Desyr-ScuErRER diagrams". Moreover, slow crystallisation from 
dioxan gives crystals which are large enough to be seen under the microscope. 


, ~ © This pulverulent state is probably duc to the high content of sugar in the vegetable 
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Melting point 
The melting point of the pkosphatides is not very sharp. All authors agree 
in pointing out that the synthetic products begin to soften at 75° (palmitic 
acid) or 90° (stearic derivatives). Transparent droplets are formed, which 
do not coalesce. A liquid phase defined by a true meniscus is only formed 
above 200°, a temperature at which the phesphatides very quickly de- 
compose. 


Rotatory power 
It is probable that the natural phospietides possess rotatory power. How- 
ever, exact measurement of this power is fairly diffizult, for three reasons: 
Firsi, certain very asymmetric substances cling tenaciously to the phos- 
phatides during their purification™ 8. Secondly, the natural products 
probably undergo partial racemisation during the extraction and purification 
processes. Finally, the rotatory power of the phosphatides appears to vary 
considerably with temperature and the nature of the solvent*. Be that as 
it may, dimyristo-, dipalmito- and distearo-phosphatidyicholines (L-«) have 


a molecular rotatory power of approximately +49° at a temperature of 26° 
and in a mixture of equal parts of chloroform and methanol. 
The sphingomyelins, with two asymmetric carbon atoms, can give rise 


to four optically active isomeric forms and two racemic forms. The exact 


stereochemical struciure of the natural sphingomyelins is not known, but 
ovly that they are optically active™. 


Solubility 

The chief solubility characteristics of the phosphatides have already been 
described and used in the preceding chapters. We will therefore merely 
point out here that the best solvent for these substances is chloroform, 


Table 8—The effect of the presence sphingomyelins and phosphoglycerides 
being only slightly soluble in cold 

of glycerides on solubility of phos- he vl hatid 
phatides tn acetone (after GRUN**) 
— the other hand, are very slightly soluble 
Composilion (°% ) | 


ed the Gensene % phosphatide im acetone and ethyl acetate. These 
observations are of course approximate. 
Distearo-phos- | by acetone 
phavidylcholine | The solubility actually depends to a 
| great extent on the nature of the fatty 
100 e 82 chains and the presence of other lipids 
75 25 77 
78 48 in the solution. The latter “ircumstance 
5 25 40 is important practically, and it is worth 


while giving some examples. 


It is knowa that phosphatides are precipitated from ethereal solution 
by acetone. Now if we take the figures given in Table 87", we sce that glycerides 


*This last observation suggests that phosphatidic molecules can be associated in 
solvents by means of secondary bonds, forming more or less stable aggregates. In this 
connection it is interesting to recall that the phosphatidylcholines of the egg have a 
molecular weight of 8000-16000 in non-polar solvents. In ethyl and butyl alcohol, on 
the other hand, monomeric molecules appear to predominate", 
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considerably increase thcir solubility. The result is that, even if special 
precautions are used, precipitation of phosphatides by acetone is often far 
from quantitative. The case of crude vegetable oils is particularly suggestive 
in this respect. These oils, which usually contain 1% of phosphatides and 
99°% glyccrides and fatty acids, are totally soluble in acetone. 

It must also be remembered that phosphoinositides have a great influence 
on the solubility of phosphoglycerides in alcohol (p. 76). 


Amphipathic character of phosphatides 


The various elements constituting a phosphatidic molecule are grouped 
in space in such a way that two very different regions can be distinguished: 
a region, occupied by fatty chains of a non-polar character, and another 
region, containing the orthophosphorie radical and the nitrogen base, of 
a polar nature. The coexistence in one and the same molecule of two regions 
of opposite tendency (amphipathic character) obviously brings about peculiar 
physicochemical properties which are all the more evident the greater the 
distance between the two regions. It is certain that the amphipathic char- 
acter of the phosphatides is the predominant factor in the chemical Uchaviour 
of these substances, their biochemistry, their technical manufacture and 


practical applications. We will therefore study them in detail. 


The sicelling of phosphatides in water 

The case of phosphatides alone (mylinic figures)—It has leen known for 
a long time that phosphatides are hygroscopic and swell in water, giving 
at first a pasty, gluey mess of mucilaginous appearance, and then a turbid 
“emulsion”. This swelling phenemenon has been carefuliy studied by 
Leatues!® and NaGrorre™. When a preparation of phosnhatide is placed 
in contact with water between slide and cover glass on the microscope, 
excrescences which rapidly increase in size are seen to appear at the 
interface. Cylindrical filaments, called myclinie filaments, are quickly 
formed and grow continually in the direction of the water, sometimes 
becoming forked but always keeping the same diameter. When subjected 
to any external influence whatsoever, these filaments break and then give 
rise to autonomous microscopic figures floating in the water. 

The theoretical explanation of this phenomenon is simple. When, in 
any substance, intermolecular cohesion is distincily greater than the affinity 
of the molecules for water, the eubstance is insoluble. In the inverse case 
the substance is readily soluble. Between these two extreme conditions, 
there exists a number of intermediate states in which water merely pene- 
trates into the molecular structure without destroying it. The substance 
is then said to swell. As with ai! amphipathic substances, the polar groups 
of the phosphatides tend to plunge into the water whilst the hydrocarbon 
chains remain outside. Phosphatidic molecuics are therefore orientated in 
contact with water, taking up roughly parallel positions to one another. 
The monomolecular layer thus formed has a polar and a non-polar side. 
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The non-polar side immediately aitracts the hydrocarbon chains of other 
molecules (apparently by means of vaN DER Waats’ forces). A second layer 
is thus built up in which the position of the molecules is reversed. The two 
layers together form what is known as a double layer. Once formed, the 
layer cbviously tends to increase in size, since new phosphatidic molecules 
try to come into contact with the water. Further, the same forces build 
up other identical layers, separated from the first by a fixed number of 
water molecules*®. Since all these phenomena occur simultaneously in 
every plane, we finally find ourselves with a filament formed from a series 
of coaxially cylindrical double layers. This filament has the characteristics 
of a liquid crystal, anisotropic and fluid in the direction of its growth. Although 
very rich in water, it does not disperse spontancously. It also does not 
coalesce when it meets another filament*. 

The case of phosphatides in solution in glycerides (mixed figures of hydra- 
ticnJ—When, instead of being alone, the phosphatides are dissolved in 
glycerides, the phenomenon of swelling shows itself in an entirely different 
way". Under the microscope, in fact, it is observed that the oily phase, 
far from sending filaments into the water, is now itself progressively invaded 
by anisotropic and isotropic forms (Fig. 2). These figures contain definite 
proportions of glycerides and phosphatides as weli us of water. The following 
is an appropriate interpretation of this new phenomenon. 

The solution of phosphatides in glycerides gives rise, in contact with 
water, to mixed double layers, in which are found at one and the same 
time molecules of phosphatides and glyceride molecules. Within these 
layers the two types of molecule are the seat of reciprocal interactions which 
can be quantitatively studied in a Langmuir trough. Such a study® shows 
clearly that the energy of interaction varies according to the proportions 
of the two types of molecules. It passes through a maximum at about 70% 
phospkatides (30% glycerides) and then through a second, less definite, 
maximum at 30% phosphatides (70% glycerides). The building-up of the 
most. stable mixed laver obviously corresponds to maximum interaction 
energy. Any mixed layer formed spontaneously at the surface of water 
must therefore contain approximately 70° phosphatides and 30% glycerides. 
Chemical analysis compictely confirms these conceptions. When a dilute 
solution of phosphatides in glycerides is treated with a little water, the 
swollen forms give rise to a creamy phase which can easily be separated 
on the centrifuge. On drying, this cream gives a mixture containing, as a 
rule, 70°% phosphatides and 30% glycerides. 

All these considerations have a technological and biochemical interest *. 
The three processes which we have just described (hydration, centrifuging, 
drying} form, in fact, the principal stages in the industrial manufaci ve of 
“lecithins” from crude vegetable oils. It is therefore important to know 
that the glycerides found in technical “lecithins” are not fortuitously swept 
away in the form of “emulsion” during the process of centrifuging. These 


*In the specialised literature will be found the description and interpretation of 
other figures called Friepey rods, 
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glycerides, at least for the most part, assist in the building-up of tho swollen 
figures. Their presence is thus unavoidable. 

It must also be noied that the phosphatides are normally accompanied, 
in living cells, by large amounts of glycerides (as well as, to a lesser extent, 
other lipids). They are thus not myelinic figures which tend to be formed 
in contact with the aqueous cellular phase. Quite on the contrary, the 
lipid phase, when it contains phosphatides, is probably penetrated by water 
and invaded by the preceding mixed figures. 

Influence exercised by the phosphatides ov the glyceride-water interfacial 
tension—It has been known for a long time that the phosphatides are good 
emulsifying agents. They must therefore apparently lower the tension 
between the water and the glycerides (or any other non-polar phase). The 
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lowering of the tension existing between two non-miscible phases is usually 
attributed to the building-up of an interfacial layer according to Gibbs’ 
Law. Now in the present instence, contact between the two phases does 
not give rise to such a layer. It brings cbout the appearance of swollen 
forms which are alike insoluble in water and m the non-polar phase. What 
happens then? 

The curves in Fig. 3 show that the phosphatides actually bring about a 
considerable lowering of the interfacial tensiom when their proportion by 
weight reaches 0-05-0-1%. 

Behaviour of the phesphatides towards air-gl yceiide interfaces (or air-non- polar 
phase) 

Solutions of phosphatides in glycerides for im any non-polar solvent sach 
as benzene) form an abundant and stable foam when fine Lubbles cf air 
are passed through them. New the stability of a foam is usually ascribed 
to the building-up of a superficial layer which, covering the surface of the 
bubbles, gives them enough elasticity to withstand breakage by the deforma- 
tions which they undergo®. An interesting hypothesis assumes that the 
frothing of the preceding solution is due to the same cause", 

In fact the phosphatides form, at the surface of oils or non-polar solvents, 
a superficial condensed layer with an appreciable viscosity®. It would 
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appear that this phenomeson must be ascriled to the presence of strongly — 
polar groups in the phosphatidic molecules. It apparently explains a good 
part of the “mucilage activities” shown by phosphatides present in crude 
oils 
Chemical properties 

We intentionally omit here the properties related to the fetty chains, which 
are, of course, the same as those exhibited by the fatty acid chains of glycerides, 
and we therefore leave on one side properties concerning hydrogenation, 
addition of halogens, ete. Neither do we returm to the properties already 
pointed out and discussed in the preceding chapters; in short, we limit 
ourselves to two distinct problems, the acid character of certain phos- 


phatides and the hydrolysis of phosphatides. 


Acid character 
The organic esters of orthophosphorie acid are (other things being equal) 
stronger acids then the alkaline phosphates; thus pK, of monopotassium 
hesphate is 4-5. Phosphatidic 


phosphate is 6-8, whilst that of creatine p 
acids must therefore be considered as relatively streng, and the question 
arises—-What happens when a phosphatidic acid is itself esterified by a 
nitrogen base ? 

If this base is choline, it would well appear that the alkalinity of the 
quaternery ammoniuin largely compensates the acidity of the last hydroxyl 
group of the phosphate radical, and ihe phosphatidyIcholines are therefore 
neutral. The phosphatidylethanolamines are probably also neutral, but the 
phosphatidylserines, which contain an additioral carboxy! group, ave acid. 
As for the inositides, their exact structure is net suificiently known to form 
a definite opinion on this point. The diphesphomositide of Foicn (p. 77) 
which is nitrogen free, is without doubt an acid. 

Be that as it may, it has been known for a long time that the “cephalins” 
of the vegetable phosphatides give an acid reaction with phono!phthalein®. * 
One gram of the total phosphatides of soya, cotton™ and groundnut titrate 
respectively as 0-12-0-15, 0-20-0-23, and @15g of fatty acid. Therefore, 
when a vegetable oil contains, let us say, 1% of phosphatides, acidimetric 
titration of its free fatty acids gives a result which is about 0-2% too high. 


Hydrol ysis 
Chemical hydrolysis—The phosphatides are usually more sensitive to hy- 
droiysis than the glycerides since their solubility, especially in an acid 
medium, is greater. But one particular point is worthy of attention bere: 
The commonest phosphatides contain three types of ester linkage, the two 
fatty acid bonds, the bond uniting the phosphoric radical to the glycerol 
skeleton, and finally the bond between the phosphoric radical and the nitrogen 
base. It is therefore proper to ask in what order these three types of linkages 
are hydrolysed. The problem, moreover, immediately simplifies itself, for 
the bond between the orthophosphoric radical and the glycerol is knewn 
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to be extremely stable. Thus one questicn only arises here,—Are the fatty 
acids liberated more, or less, slowly than the nitrogen base ? 

In the alkeline bydrolysis* of L-dipalmitophosphatidylcholine, the fatty 
acids are liberated more readily than the choline'’®, Glycerylphosphoryl- 
choline is therefore the chief intermediate product, whilst the dipalmito- 
phosphatidic acid, which can be formed by preferential iiberation of choline, 
only appears in small amount (Table 9)**. 


Table 9—Alzkaline hydrolysis of phosphatidylcholines (after BaER*®) 


Principal route ——+; Secondary route —--»; PC = phosphatidylcholine; PA = phoe- 
phatidic acid; GP = glycerylphosphorylcholine; GPA = glycerophosphoric acid. 
-choline,7 L—a—PA ‘fatty acids 
L—a—PC. ‘L—a—GPA 
-fatty L—a«—GPC 
-choline 


p—Gre 

DL—2—Grc 
The exact mechanism of the acid hydrolysis of phosphatides has not yet 
been made the subject of sufficiently extensive researches, and this must 
be regretted. It seems that the nitrogen base is liberated more rapidly 
than the fatty acids. It has even been claimed that water alone is capable of 
changing phosphatidylcholines into the corresponding choline phosphat- 
idates**. 

Enzymatic hydrolysis—The ester links in the phosphoglycerides are also 
hydrolysed by a series of enzymes which are found in animals and plants, 
and which are called phosphatidases. These enzymes are distinguished one 
from another by the nature of the bond which they are able to break. 

In the first place, phosphatidases A and B attack the bonds between the 
fatty chains and the glycerol. There are therefore analogous to the lipases. 
But curiously enough, one of these enzymes, phosphatidase A, seems capable 
of hydrolysing only one chain out of the two which the phosphoglycerides 
contain™, It thus gives rise to lysophosphatides, which are known to have 
considerable hacmolytic power. This enzyme is met with in extracts from 
Various organs and also in animal poisonst. Snake and bee venom are parti- 
cularly rich in it. Phosphatidase A from snake venom (crotoxine) has 
been crystallised’®. It is an apparently homogeneous protein, the enzymatic 
activity of which is destroyed by a great variety of chemical methods®. 
Secondly, certain lower fungi (Aspergillus orizae, Penicillium notatum), 
certain seeds and various animal organs contain a phospholipase B. This 

* Hydrolysis by alcoholic potassium in the cold appears to have some peculiar 
characteristics ®, 

** In this table, varicus isomerisations and racemisations accompanying the hyarolysis 
are indicated, in order to i!lustrate the views quoted on p, 83. 

t Pancreatin also contains a phosphatidase A which seems to split preferentially 
unsaturated fatty acids. This enzyme has been reported as active even in dicthyl ether 
solutions?, 
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enzyme brings about the formation of glycerylphosphorylcholine from 
lysophosphatides, but it seems to be inactive against the phosphatides them- 
selves*?. It therefore has the effect of causing tle disappearance of lyso- 
lecithins by attacking their single chain. 

Phosphatidase C has been found in culture media of C. Wetcun™S U8, 
It acts on the bond uniting the phosphoric radical to the glycerol, giving 
rise to a diglyceride and phosphorylcholine. Its action is very spectacular, 
for it breaks up the lipid emulsion of the serum!™, This enzyme is apparently 
identical with that of the a-toxin of the bacterium” 46, 

Finally, phosphatidase D attacks the bond uniting the nitrogen base to 
the phosphatidyl radical. It thus liberates tis base, giving rise to phos- 
phatidic acids. Cabbage leaves and carrots contain it in appreciable amount™.™, 
This fact doubtless explains the presence of phosphatidic acids in their 


extracts (p. 74). 
Antiocygenic properties of certain phosphatides 
A study of the phosphatides would not be complete without a passing men- 
tion of their antioxygenic properties. These properties, initiall recognised 
by Bottmann**, have been the subject 
| | £+P¢,4| of numerous patents*. They all agree 
with remarkable unanimity in ascribing 
to the phosphatides a real artioxygenie 
power and a synergic power with the 
—__—} phenolic antioxygens. However, in view 
E-Pot f of the methods generally used by tech- 
nicians to measure antioxygenic power, 
one must treat these statements with 
5 the greatest reserve. The results given 
in the scientific literature are quite con- 
tradictory. Sometimes it is pointed out 
that carefully purified phosphatides of 
the soya bean have no effect on the 
autoxidation of olive oil esters®. Some- 
times a slight antioxygenic activity of 
the “cephalins” of soya on refined 
Fane hr cottonseed oil is referred 
Fig. 4. Antioxygenic power of the phosphatides Since the “‘cephalins” are acids 
(from DELNUELLE and MICAELLI“). Autoxida- ( 96 t! latte bservati = ts 
tion of the esters of sunflower (£) iu thin layers P- 6), the latter observation sugges 
at 40°. Irradiation by a 100 watt lamp at ® that phosphatides belong to the acid 
distance of 40cm. Soya phosphatides precipl- ; ° 
tated seven times from acetene (P). AaNntioxygens. One feels thet this may 
quoone (H). E, esters alone; E+ P, esters be all the more correct because the 
+ 003% P; E + H. esters + H; 
E+ P+H, estere+G0s% P+0001% antioxygenicactivity of the phosphatides 
does not disappear during deodorization 
of the oil by steam, which is likely to bring about hydrolysis of the phos- 
phatides'*, But it must also be noted that antioxygenic acids are usually 


*A complete list will be found in the monograph by Markiey"™, 
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simple synergists. When alone, they usually do not show any antioxygenie 
power. 

A general discussion on the mode of action of acid antioxygens is obviously 
out of place in the limited scope of this review. We will therefore very 
briefly state that an old theory relating to these antioxygens postulated that 
the acids, according to a mecharism which still remains vague, could re- 
generate phenolic antioxygens from their oxidation products™. However, 
a mach more interesting theory has recertly been proposed by CaLkins*®, 
Tharks to their dissociable i ydrogen, the acids would be very well able to 
deactivate Farmer’s radicals, but owing to their insolubility in oils they 
would not be able directly to use their activity. However, in the presence 
of oxidation products of the phenolic antiexygens, certain of these acids 
(phosphoric acid, sulphuric acid, citric acid, ete.) would form soluble com- 
plexes which would diffuse throughout the mass. 

Foliowing this reasoning, it is readily seen that the “‘cephalins” represent 
en entirely peculiar case. The acid molecules contained in this fraction 
are in fact directly soluble in oils, and in principle have no need of phenolic 
antioxygens in order to exercise their activity. In other words, if CaLkrys’ 
theery is cerrect, the “cephalins”, although they are acid and not poly- 
phenolic, must possess true antioxygenic power but have no synergic power. 
The curves in Fig. 4 show that this is actually the czse. 


The curves in Fig. 4 are of two-fold interest. They confirm, first, that 


the phospkatides possess antioxygenic power. This power, though weaker 
than that of the polyphenols, is none the less noticeable. Secondly, showing 
that phosphatides are devoid of synergic ectivity, they lend strong ex- 
perimental support to CaLxrmms’ theory. 


REFERENCES 
AnpeErsoy, R. J.; Fortschritte der Chemie organischer Naturstoffe, vol. 3, p. 145. 
Anpexsos, R. J.; Physiol. Rer. 12 (1932) 166, 
Artom, A.C.; Bull. soc. chim. biol. 14 (1932) 1286, 
Artom, A.C.; J. Biol. Chem. 157 (1945) 585, 595. 
Artom, A.C. and Peretti, G.; Arch. Inter. Physiol. 36 (1933) 351. 
L.. Scnuttz, A.S., W.L. and Frey,C.N.; Ind. Eng. Chem. 
(Anal. Ed.) 15 (1943) 141. 

7 Actt, W.C. and Brown, J. B.; J. Biol. Chem. 107 (1934) 607. 

® Baer, E. and Kates, M.; J. Biol. Chem. 175 (1948) 79. 
Baer, E. and Kates, M.; J. Amer. Chom. Soc. 70 (1948) 1394, 
Barr, E. and Kates, M.; J. Diol. Chem. 185 (1950) 615. 
Barer, E. and Kaves, M.; J. Aner. Chem. Soc, 72 (1950) 942, 
A E. and Fever, R. 0.; Of! and Scap 21 (1944) 286. 
Baty, O. and Gand, J.; CR. Acad Sci. 198 (1934) 1932, 2258; 199 (1934) 793. 
F. J. R.: Biochem, J. 30 (1936) 1554. 
Berensury, I. and Cuats, E.; Biochem. J. 32 (1938) 295. 
Bevay, T. H., Greconry, G.I., Mackiy, T. and Poore, A. G.; J. Chem. Soc. (1951) 

84i. 

Brock, K.; Z. Physiol. Chem, 224 (1936) 1. 
Brioor, W. R.; J. Biol. Chem. 80 (1928) 445. 
Brioor, W. R.; J. Bid. Chem, 82 (1929) 273. 


99 


— : 
‘ 
7 
‘ 
1 
1 
1 
i 
1 
1 
= 


Structure and properties of phosphatides 


* Bioor, W.R.; J. Biol. Chem. 114 (1936) 639. 

21 BLoor, W.R.; Biochemistry of the Fatty Acids. Reinhold Publishing Corp. New 
York 1943. 

22 BoLLMANN, H.; German Patent 382.912 (1923). 

2 Briat, P. and MULLER, H.; Ber. deutsch. Chem. Gesell. 72°(1939) 2121. 

4 BurmasteEr, C. F.; J. Biol. Chem. 164 (1946) 233. 

2% BurmasteER, C. F.; J. Biol. Chem. 165 (1946) 1. 

*% CaLkins, V. P.; J. Amer. Chem. Soc. 169 (1947) 284. 

Carter, H.E., Gurick, F. J.. Norris, W. P. and G. F.; J. Biol. Chem. 
142 (1942) 449. 

*8 Cason, J. and Sumreit, G.; J. Amer. Chem. Soc. 72 (1950) 4837. 

J. D. and N.; Nature, Lond. 166 (1950) 693. 

3° Cyannon, H. J. and Foster, C. A. M.; Biochem. J. 28 (1934) 853. 

3) Cuarcarr, E.; J. Biol. Chem. 144 (1942) 455. 

32 CuaroaFF, E. and Zirr, M.; J. Biol. Chem. 140 (1941) 927. 

3 CyarGarr, E., ZirF. M. and Ritrenxserc, D.; J. Biol. Chem. 144 (1942) 343. 

4 Cuanearr, E., Levine, C. and Grzers,C.; J. Biol. Chem. 175 (1948) 67. 

33 CHIBNALL, A.C. and Cuannon, H.; Bicchem. J. 21 (1927) 225, 233. 479, 1112; 23 
(1929) 176. 

“6 Craia, L.C.; J. Biol. Chem. 155 (1944) 519. 

3? DELEZENNE, C. and Lepest, 8.; C. #. Acad. Sct. 152 (1911) 790; 153 (1911) 82; 155 
(1912) 1101. 

33 Dervicnian, D. G.; Trans. Faraday Soc. 42 B (1946) 180. 

3% Dervicuian, D. G. and Lacuamrt, F.; Bull. soc. chim. France 13 (1946) 486. 

49 DesNUELLE, P. and Mo.ines, J.; Oléagineux 2 (1947) 611. 

41 DesNUELLE, P. and Mourxes, J.; Biochim. Biophys. Acta 2 (1948) 124. 

42 DESNUELLF, P., Mouines, J. and Bonxyour, 8.; Oléagineux 6 (1951) 264. 

*3 DesNvVELLE, P., J. and Dervicuian, D.; Bull. soc. chim. France (1951) 197. 

44 DesNuELLE, P. and Bonsorr, S.; (Unpublished observations). 

DresnvELLE, P. and O.; (Unpublished observations). 

© pe SutTé-Nacy, G.I. and Anpersox, R. J.; J. Biol. Chem. 171 (1947) 749. 

@ pe Suté-NacYy, G.I. and Anversox, R. J.; J. Biol. Chem. 171 (1947) 761. 

#8 Dirr, K. and Sopes, 0. V.; Biochem. Z. 312 (1942) 263. 

4* F. R. snd Miter, R. T.; Oil and Soap 15 (1938) 41. 

$0 EnTeNMAN, C., Tauroo, A. and Cuaikorr, I. L.; J. Biol. Chem. 155 (1944) 13. 

51 Enicxson, B.N., Arvin, L, Teacce, D. M. and Witiiams, H. H.; J. Biol. Chem, 
135 (1940) 671. 

$2 Farxsairy, D.; J. Biol. Chem. 173 (1948) 705. 

53 Farmer, E.H.; Trans. Furaday Soe. 42 (1946) 298. 

54 Faure, M. and Lecautt-Demare, J.; Bull. soc. chim. biol. 32 (1950) 509. 

55 YeuLoen, R. and Voit, K.; Arch. ges. Physiol. 206 (1924) 3389. 

56 FEULGEN, R., Imuauser, K. and Benrens, M.; Z. physiol. Chem. 180 (1€29) 161. 

8? FeviGen, R. and Bersry, T.; Z. physiol. Chem. 260 (1939) 217. 

88 Fisuco.ip, H. and Cuain, E.; Proce. Roy. Soc. (London) 117 B (1935) 239. 

 Fiscuer., H.O. L. and Barr, ©.; Chem. Revs. 29 (1941) 287. 

- © Preury, P.; Bull. soc. chim. biol. 30 (1948) 519. 

* Frevury, P. and Paris, R.; J. Pharm, Chim. 18 (1933) 470. 

Foucn, J. Biol. Chem. 139 (1941) 973, 

* Forcn, J.; J. Biol. Chem. 146 (1942) 35. 

Foren, J.; Federation Proc. 6 (1947) 252. 

* Foca, J.; J. Biol. Chem, t74 (1948) 439. 

* Forcn, J.; J. Biol. Chem, 177 (1949) 505, 

 Fo.cu, J. and Scunempsr, H. A.; J. Biol. Chem. 137 (1941) 51, 

Foucn, J. and D. W.; J. Biol. Chem. 142 (1942) 963. 

H. L. and J.; Biochim. Liophys. Acta 


(1950) 98, 


100 


References 


7 D.; J. Chem. 156 (1944) 643. 


7 
72 


Gotrsmac, C.; Oil and Soap 19 (1942) 181. 

Gris, A; In Chemie und Gewinnung der Fette, Wien vol 1 p. 488. 

Gris, & and Kave, F.; Ber. deutsch. Chem. Gesell, 45 (1912) 3358, 

Gris, A. and Linricuer, R.; Chem, Umschau Fette, Ole, Wachse, Harze 30 (1923) 

Geix, A. and Limrdcuer, R.; Ber. deutsch. Chom. Gesell. 59 (1926) 1345, 1350; 6C 
(2927) 147. 

MBL; J. Bicl. Chem. 169 (1947) 137. 

Hoxamex, D. J. and Cuaixorr, I. L.; J. Biol. Chem. 168 (1947) 233; 169 (1947) 

Hawenas, D. J. and Cnajixorr, I. L.; J. Biol. Chem, 172 (1948) 191. 


7* Wesmoygres, A. and Hansey,C.; Scand. Arch. Physiol. 14 (1904) 390. 


T. The Chemical Constitution of Natural Fats New York 1944. 
T. and Suortann, F. B.; Biochem. J. 31 (1937) 1499, 
T. P. and Peperty, W. H.; Biochem. J. 31 (1937) 1964. 
T. P. and Pawi, S.; J. Soc. Chem. Ind. 58 (1939) 21. 

T. P. and Zaxy, Y. A. H.; Biochem. J. 36 (1942) 815. 
Hrsprsnaces, F.; J. Prakt. Chem. 28 (1883) 219. 

Herr, BH. and Weatneratt, H.; Analyst 69 (1944) 39. 


* Hert. BL BL, T., Poor, A. G. and Watt, P. R.; Nature, Lond. 165 (1950) 


ML, Créwiev, A. and Hinecrats, H.; Bull. soc. chim. biol. 10 (1928) 327. 
BL; J. Riedl. Chem. 107 (1934) 783. 
Kireex, P. and Sotomon, H.; Helv. Chim. Acta 9 (1926) 2, 23, 598. 
Kanes P. aad Bexz, P.; Helv. Chim. Acta 10 (1927) 87. 
Krve, 3.; Biochem. J. 26 (1932) 292. 
Kirk, E.; J. Bid. Chem. 123 (1938) 637. 
Kienk, Z. physiol. Chem. 185 (1929) 169. 
Kiewk, EL; Z. Chem. 221 (1935) 67. 
E.; Chem. 47 (1934) 273. 
amd F.; Z. physiol. Chem, 226 (1934) 213. 
Kuexk, E. and Sakat, R.; Z. physiol. Chem. 258 (1939) 33. 
Kress, E. aod Denvucn, H.; Z. physiol. Chen. 286 (1950) 33. 
Koen, Z. physicl. Chem. 47 (1906) 527. 
Keyes, Haveer, Land Brypovna, W.; Ber. deutsch. Chem. Geseil. 68 (1935) 23386. 
Keer, FL E, Jameson, G.S. and Hoim, G. E.; J. Biol. Chem. 106 (1934) 717. 
Lexvtmas, J. B.; Lancet (1925) 803, 857, 957, 1019. 
Lezacvos, E.; Bull. soc. chim. biol. 3 (1921) 541. 
Eesvs.A. and Anverson, R. J.; J. Biol. Chem. 139 (1941) 457. 
Levexs, P. A. and West,C.J.; J. Biol. Chem, 34 (1918) 11. 


Levexe, FA and I. P.; J. Biol. Chem. 60 (1924) 677. 


Levexr, P. A. and Rotr, £.P.; J. Biol. Chem. 62 (1925) 759; 65 (1925) 545; 68 
(2926) 385. 

Lowexe, PA. and Ror, I. P.; J. Biol. Chem. 72 (1927) 587. 

Lewy, These Parise 1950. 

Besweraa, L. and Hanpscuumacner, E.; J. Amer. Oil Chemists’ Soc, 27 (1950) 260. 

Lensrumn, J. E. and Faustrer, M.; Lait 15 (1935) 046. 

Mow Aariuvr, J. Amer. Chem, Soc. 36 (1914) 2097. 

MeecFarcane, M.G.; Biochem. J. 42 (1948) 

Mee M.G. and Kyiont, B.C. J.; Biochem. J. 35 (1941) 884. 

M.G., Oakey, C. L. and Anperson, ©. G.; J. Path, Bact, 52 (1941) 

M.; Bull. soc. chim. biol. 8 (1926) 264. 

Macsemomrr, M, Levy, G. and Faure, M.; C.R. Acad. Sci, 204 (1937) 1843, 

Meenmesoers, M. and Faure, M.; C.R. Acad, Sci, 209 (1939) 700, 


101 


7 
77 
82 
a 
ve 
oA 
. 
1ce 
101 
122 
ws 
108 
131 
112 
13 
338 
17 
18 


Structure and properties of phosphatides 


120 MacKrinney, R. Jamresox, G. S. and Hotton, W. B.; 14 (1937) 126. 
127 MacPuerson, L. B. and Lucas, C.C.; Federation Proc. 6 (1947) 273. 
122 Marenzi, A. D. aod Carvrni,C. E.; J. Biol. Chem. 147 (1943) 363. 
123 Markey, K. S. ard Goss, W. H.; Soybean Chemistry cnd Technicology New York 
1944, 
1% Masuna, ¥. and Hont, T.; J. Agric. Chem. Soc. Japan 13 (1937) 200. 
25 Mayer, A. and Scnarrrer, G.; J. Physiol. Path. Gen. 15 (1913) 510. 
26 Mrenam, D. K. and Oucott, H. S.; J. Amer. Chem. Soc. 71 (1949) 3670. 
Mournes, J.; Marseille 1918. 
Mowry, D. T., Bronr, W. R. and Brown, J. B.; J. Biol. Chem. 142 (1942) 671. 
NaGeotte, J.; Morphologie des gels lipoides Paris 1937. 
Nac rr, F. P.O.; Brit. J. Exptl. Path. 20-(1939) 473. 
Norrsoum, F. F. and Mayer, F.; Z. Unters. Lebensmittel 66 (1933) 585. 
Norrsomm, F. FE. and Mayer, F.; Z. Unters. Lebensmiltel 67 (1934) 369. 
Oxcott, H. S. and H. A.; Oil and Soap 13 (1936) 98. 
J. Biol. Chem. 168 (1947) 351. 
Panarorn, M.C.; Discussions Faraday Soc. 6 (1949) 110. 
Pancporn, M.C.; J. Biol. Chem. 188 (1951) 471. 
Parnas, J.; Biochem. Z. 22 (1909) 411. 
Proct, F. S., Casex, J. and Incersoii, A. W.; J. Amer. Chem. Soc. 69 (1947) 1233; 
70 (1948) 29%. 
Rewaxo, B.; Fiochem. Z. 198 (1928) 103; 202 (1928) 99. 
RewaLp, B.; Biochem. Z. 211 (1929) 199. 
Rewa.p, B.; Liochem. Z. 218 (1930) 481. 
Rewa tn, B.; J. Suc. Chem. Ind. 56 (1937) 77 T. 
REWALD, B.; Eiockein. J. 36 (1942) 822. 
RreMenscuserper, R. W., Exwis, N. R. aad Trrvs, H. W.; J. Biol. Chem. 126 (1938) 
255. 
Rose, W. G.; J. Amer. Chem. Soc. 69 (1947) 1384. 
Rosenrewp, G.; Biockem. Z. 200 (1928) 280. 
Scumanruss, K.; Fette wnd Seifen 48 (1941) 306. 
Scuzmpt, G., B. and THannuavser, 8. J.; J. Bid. Chem. 161 (1945) 
§23. 
Scwupt, G., Besorti, J and THannnavser, S. J.; Federation Proc. 5 (1946) 152. 
C. R., Durroy, H. J., Tansxer, F. W. and Cowan, J.C.; J. Amer. Oil 
Chemists’ Sor. 25 (1948) 368. 
C. MacGurre, T. A. and Duttoy, H. J.; J. Amer. Oil Chemists’ Soe. 
27 (1960) 352. 
Scuram™, A.; und Seifen 46 (1939) 635, 
Scuvuuze, E. amd Sreiorr, E.; Landwirt. Vers. Stat. 43 (1894) 307. 
Scuctwrern, K.; Z. physiol. Chem. 277 (1942) 87. 
Stncrarm R.G.; J. Biol. Chem. 86 (1930) 579. 
Sinciam, R.G.; J. Biol. Chem. 92 (1931) 245. 
Smcram, R. G.; J. Biol. Chem. 97 (1932) xxxiv. 
Sinciam, R.G.; J. Biol. Chem. 111 (1935) 275, 
J. Biol. Chem. 114 (1935) xviv. 
Srnciar, BR. G.; J. Biol. Chem. 134 (1940) 89. 
Storra, K. H. and Fraenxeu-Conrat, H.; Ber. deutsch. Chem. Gesell. 71 (1938) 
1076. 
Biochem. J. 4 (1909) 168. 
Biochem. J. 6 (1912) 355. 
SmEDLEY-MarLzas, L.; Biochem. J. 8 (1914) 453; 16 (1922) 370. 
Smepiey-MacLeax, I. and Horrert, D.; Biochem. J. 17 (1923) 720, 
Sarrn, J. A. BL and Curpwaryi, A.C.; Biochem. J. 26 (1932) 1345. 
Sowpen, J.C. emd Fisener, H. O. Amer. Chem. Soc. 63 (1941) 3244, 
1670 Srzevens, B, P. and Cuaixorr, I. L.; J. Biol. Chem. 193 (1951) 465. 


: 
q 
{ 
: 
; 
. 


Keferences 


368 Taunroa, A., Extinman,C., Freres, B. A. and Cuarxorr, I. L.; J. Btol. Chem. 155 
(1944) 19. 
169 Tater, H. and Just, E.; Fetle und Seifen 51 (1944) 55. 
170 THANNHAUSER, S. J., Benotti, J., Wavcott, A. and Rersstess, BL; J. Biol. Chem. 
129 (1939) 717. 
71 THannnavuser, 8. J. and Boxcovpo, N. F.; J. Biol. Chem. ¥72 (1948) 135. 
8. J., Boncopvo, N. F. and Scuuivt, G.; J. Biol. Chem. 188 (1951) 
417. 
373 Tuannnavuser, S. J., Boncoppo, N. F. and Scumurt, G.; J. Bool. Chem. 188 (1951) 
427. 
TiERFELDER and Kienk; Chemie der Cerebroside und Phosphatide, Berlin 1930. 
S$ Tristram, G. R.; Biochem. J. 36 (1942) 40. 
yan StyKe, D. D., Ditton, R. T., MacFapyen, D. A. and Hammtox, F.; J. Biol. 
Chem. 141 (1941) 627. 
Verxapve, P. E., Storrecensure, J.C. and Couenx, W. D.; Bee. trav. chim. Pays- 
Bas 59 (1940) 886. 
Voris, L., Evxiis, G. and Maynarp, L. A.; J. Biol. Chem. 133 (1940) 491. 
Wieser, H. F., Nair, J. H. and R.S.; Ind. Eng. Chem. (Anal. Ed.) 4 
(1932) 362. 
Woo ttey, D. W.; J. Biol. Chem. 147 (1943) 582. 
181 Hananan, D. J., Turner, M. B. and Jayxo, M. E.; J. Biol Chem. 192 (1951) 623. 
182 Hananan, D. J.; J. Biol. Chem. 195 (1952) 199. 


— 

. 
>, 

: 


CHROMATOGRAPHY OF FATTY ACIDS 
AND RELATED SUBSTANCES 
Ralph T. Holman* 


INTRODUCTION 


Is 11s Most broad definition, chromatography is a method of separation 
based upon differences in concentration of molecules in or on the mobile 
and non-mobile phases of a flowing system. The mobile phase may be 
gaseous or liquid, the non-mobile phase may be liquid or solid. The number 
of possible experimental arrangements for effecting chromatographic separa- 
tions is infinite, and the technique in its present state of development is 
largely empirical. However, the method since its first use by Tswrtt has 
found an ever increasing range of application both for separations and for 
quantitative analysis of difficultly separable substances of a wide variety. 

The theory and practice of chromatography has been summarized in 
several major publications. Stram? and ZecHMEISTER and 
have summarized the developmental literature on chromatography. In a 
subsequent Look, ZECHMEISTER? has summarized the advances made in 
chromatography from 1938 to 1947. Casstpy* has recently treated the 
subject from the more theoretical aspect, and for a discussion of the prin- 
ciples involved in chromatography and a treatment of the effects of numerous 
variables upon adsorption and separation, the reader is referred to this latter 
volume. 

Although chromatography is a routine tool in separations and analyses 
in some fields, it has net generally reached that stage of development in its 
applicetion to lipid separations. At present it is largely a research tool 
rather than a routine method in fat and oil chemistry. The attempts to 
use this method in fat chemistry have been summarized in several reviews*-®. 
Recent developments indicate an expandcd usefulness of the method, and 
it now appears that micro methods based upon various types of chromato- 
graphy will soon place very effective tools in che hands of the lipid chemist. 

The chromatographic techniques thus far developed for use in lipid 
separations fail into five general classes. Elution analysis (classical chromato- 
graphy), frontal analysis, displacement analysis, partition chromatography 
and paper partition chromatography will be discussed each in turn. The 
author has restricted himself in the present treatment to fats, oils, fatty 
acids and other lipids of biological importance, with the exception of the 
steroids and carotenoids. 
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ELuTION ANALYSIS 
Definitions 

Elution analysis is the original and best known chromatographic technique. 
Tswetr’® introduced this method originally for the separation of plant 
pigments on a column of calcium carbonate. When a plant extract is filtered 
through a column of powdered adsorbent, the various pigments separate into 
zones. Hence the name chromatography. In general, elution analysis involves 
the filtering of a solution through an adsorbent column, and development 
of the adsorbed zones by elution or washing of the coluran with additional 
solvent, either the same as, or different from, the original solvent. By the 
elution procedure, the adsorbed zones are separated one from the other 
and can be washed from the column, one at a time. The least adsorbed 
substance lies in the Jower zone and is the first substance to emerge from 
the column. The most adsorbed substance lies in the upper zone and is the 


last to emerge. 


Methods of observation 
Actual physical separation of the components of the mixture can be achieved 
by cutting the column between the developed zones anc extracting the 
components from the portions of adsorbent. If the zones are washed out 
of the column one at a time (eluted), the cluate can be divided into fractions, 
each containing one substance. 

Various techniques are used to detect the position of zones on the column. 
If the adsorbent is colourless and the container transparent, zones of coloured 
substances can be seen directly. Zones of scme colourless substances can 
be located by their fluorescence in ultraviolet light. Crarsson devised 
a method to visualize the refractive index differences in the zones of solution 
in contact with the particles of adsorbent™. Colouriess substances on an 
extruded chromatogram can be located by topical application of some 
appropriate reagent which develops a colour with the chromatographed 
substances. 

Relative positions of zones of subsiances can be loceted by physical or 
cheinical examination of small fractions of effluent. Very efficient fraction 
collection devices have been designed, and the reader is referred to only 
one of them as being typical'*. Refractive index observations cn the effiuent 
can be used to locate zones of substances. Durrox™ constructed a dif- 
ferential refractometer having a triangular prism cuvette, and used it for 
studies of separation of oleic and stearic acids. Crarsson™ developed a 
self-recording refractometer in which photographie record is made of the 
weight of effluent and refractive index gradient. The Tisevius-CLaEsson 
interferometric adsorption analysis apparatus’® has the advantage that 
the observation cuvette has a much lower holdup volume, and consequently 
the smearing of zones in the effluent is less. It requires, however, the atten- 
tion of the operator during the experiment. A modification of this instrument, 
use of which is described elsewhere", is shown in Fig. 1. Other means of 
observation are available. Ultraviolet light absorption of chromophoric 
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fatty acids in the effluent of chromatographic columns has been measured 
in a flowing cuvette of very short light path in the Beckman spectrophoto- 
meter. Optical rotation measured on the effluent flowing through a micro- 
polarimter has been useful in locating zones of optically-active substances. 

The techniques and instruments mentioned above are rot limited to use 
in elution chromatography. They are equally useful in frontal and dis- 
placement separations, and may yet prove to be useful in partition chromato- 


graphy. 


Applications 
Application of elution chromatography has been made ‘+o the separation 
of various classes of lipids and to separate members of these classes. Trarre” 
found in his early studies that the degree of adsorption of the various lipids 
on alumina or silica was in the decreasing order: phosphatides, fatty acids, 
cholesterol, triglycerides, cholesterol esters, and aliphatic hydrocarbons. 
In accord with his “‘eluotropic series”, alumina has been found to be useful 
in removing free fatty acids from neutral oil’, the acids being bound by the 


aluminium oxide. 

KAUFMANN and Wo.tF” found that trimyristin is more strongly adsorbed 
than tristearin in a silica gel-chloroform system. They also studied the 
separation of tributyrin and trimyristin on silica, alumina and charcoal. 
When linseed oil in hexane is passed through a column of alumina, tine 
component glycerides are segregated*®. The more unsaturated glycerides 
remain at the top of the column and the less unsaturated glycerides 
emerge first. The successive zones differ in unsaturation by one double 
bond, and the ci] is separated into glycerides having 4 to 9 double bonds. 
No glyceride was found with less than 4 double bonds*. Tischer and TO6GEL 
fractionated perilla oil into six zones of triglyceride visible by fluorescence 
in ultraviolet light**, They demonstrated the presence of mono- and di- 
ylycerides, highly unsaturated glycerides, sterol esters and waxes. RErn- 
BOLD and Durron®’ segregated soya-bean oil into fractions having a difference 
in iodine value of 69 points. They believed chromatographic segregation 
of glyccrides compared favorably with countercurrent extraction and low 


temperature crystallization. 

Many studics of elution chromatography of saturated fatty acids have 
heen made with varying degrecs of success**-*. Some of the studies, although 
leading to separations of homologous fatty ucids, required great volumes 
of eluent and long periods of time. Grarr and Sksu* were able to separate 
myrictic and stearic acids in a magnesis-petroleum ether system in a period 
of 14days. They rendered the zones of acid visible by impregnating the 
adsorbent with phenol red indicator. The chromatographic separation of 
the p-phenyiphenacyl esters of the lower fatty acids can be demonstrated 
on silicie acid in benzene-petroleum ether (1/1) solution®. The zones of 
the derivative are detectable by a blue fluorescence in ultvaviolet light. 

Stearic acid wa3 separated from abietic acid by adsorption on charcoal 
and ¢lution with a variety of solvents in an investigation by Parrs and 
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Ornmer™. Their experiment, 

in which I-nitropropane was 

used to devclop the column, is i 
shown in Fig.2asanexampleof — 
elution chromatography. Using $ ont 

magnesium sulphate as adsor- 
bent and petroleum ether as y 
solvent, Manunta™® was able £008 q 
to segregate a model mixture of 

equal parts of palmitic, stearic 
and oleic acids. Oleic acid was 
least adsorbed, and palmitic 
acid most adsorbed in this 0 100 200 300 09 500 620 700 B00 
system. MazumparR and Gos- Volume of event mm 
waMi™ found alumina and_ Fig.2. Elution separation of stearic and abjietic acids on 


magnesia to be the best ad- 
sorbents for separating oleic and 
stearic acids, whereas Durron™ 


tion 


Darco G 60 charcoal (10g 14 acids) in } 
. Open bars-abictic acid. 


iitropropane solu- 
Shaded bars-stearic acid 
(from Parrs and OTHMER™), 


achieved good separation of these two acids using activated carbon. Dutron’s 
results are illustrated in Fig. 3. KaurmMann and were able to effect 


a separation of cis and trans isomers 
of unsaturated fatty acids using a 
silica gel petroleum ether system. Oleic 
and elaidie acids were well separatec. 
In the ratio of S0/20 they were 98% 
separated. Brassidic and erucic acids 
were also separated in *he same 
system. 

and investi- 
gated the separation of ethyl stearate, 
oleate, linoleate and linolenste in all 
possible combinations of two**. They 
used alumina as adsorbent and 1-75 % 
ethyl ether in petroieum cther as 
solvent. They observed fractionation 
in all six systems, the purity of the 
first component varying from 68 to 
83°, and the second component vary- 
ing in purity from G1 to 76%. In all 
eases the second component (more 
strongly adsorbed) was the more 
unsaturated ester. Segregation of 
soya-bean ethyl esters in the same 
system gave fractions differing as 
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Fig. 3. Separation of stearic and oleic acids by 


elution chromatography on arco G 60 charcoal. 

Elution solvent: amyl alcohol 05% In Skeliysolve B 

tor first 1000 ml, 1% amyl alevh A iu Skel'ysolve B 

for next 710 ml, dicthyl ether for ths retualuder of 
the exporitaent (from DuTTON”), 


much as 124 iodine value points®™, 


Kusurnow and Green® used an alumina-petroleum ether system to demon- 


strate the non-uniformity of methyl-f-linoleate prepared from liquid 
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tetrabromstearic acid. They found that this preparation could be chromato- 
graphed to yield fractions of lower iodine value containing bromine, whereas 
linoleate prepared from solid tetrabromstearic acid was uniform. 

Elution chromatography has been very useful in isolation and pre- 
paration of pure fatty acids and esters. Nephrostearinic and nephrostearanic 
acids, two iactone acids, were isolated and separated on elumina*, Chromato- 
graphy has been used to isolate a- and f-mycolic acids, isomeric branched 
hydroxy acids isolated from M ycobactcrium®, Swirt et al. used the alumina- 
petroleum ether system to prepare purified methyl linoleate from cotton- 
seed oil methy! esters**. After one pass they obtained a preparation of iodine 
value 159 which was further purified to yield a product of iodine value 170. 
RIEMENSCHNEIDER etal. used a silicic acid-petroleum ether system to 
prepare highly purified methyl linoleate «nd methyl linolenate from methyl 
esters of linseed and perilla oil. Their success was largely due to the rigid 
exclusion of air from their system. Their preparations are probably the 
mest pure yet prepared. 

Wurre and Browwy fractionated the methyl esters of fatty acids from 
beef adrenal lipids and prepared a methyl] arachidonate of high purity using 
alumina and petroleum ether®. They also obtained a fraction containing 
mainly methyl! eicosapentaenoate. HERB ef al.*, using the same system 
as was used for linoleate and linolenate preparation, prepared a 90° con- 
centrate of methyl arachidonate and obtained a fraction with SO to 85% 
methyl eicosapentaenoate. Their methyl] arachidonate was further purified 
by fractional distillation in vacuum to yield a product with iodine valuc 
$16 (theory 319). In an extension of this careful chromatographic work, 
these investigators have demonstrated the presence of eicosapentaenoic and 
docosapentaenoic scids in adrenal lipids and have isolated nearly pure 
preparations®. 

Lewon ® has also put chromatography to good use in separating positional 
isomers of linoleic acid from partialiy hydrogenated linseed oil. On silica 
gel, the iso-linoleic acid ester was adsorbed more strongly than less unsaturated 
esters which were eluted with hexane. Subsequent elution with chloroform 
removed the iso-lincleate. 

Oxidatior products of unsaturated substances can be separated from 
the parent substances, and this is routinely used as a means of purification 
of eneaturated materials. Farmer and Surtron* used this principle to 
remove oxidation products on alumina from petroleum ether solution in 
their preparation of squalene. Aturrton and Hivpircn® used a lignt 
petroleum ether-silica gel system to separate the products of methyl oleate 
oxidation. They found that the eluate contained unoxidized oleate, and 
that upon elution with acetone, six fractions of lower iodine value and higher 
peroxide value were obteined. Beroestréx* utilized alumina for the separa- 
tion of the hydroxystearic acids resulting from hydrogenation of autoxidized 
methyl Enoleate. He isolate:! 9-hydroxystearic acid and J3-hydroxystearic 
acid by this means. Dugan et al."§ used an iso-octane sodium aluminium 
silicate system te fractionate the oxidation products of methyl linoleate. 
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The unoxidized linoleate was found in the percolate and the peroxides 
remained on the column. Good weight recovery was obtained, but one- 
third of the peroxides were lost by the procedure. Hotm and Wops* used 
alumina and petroleum ether for a similar study in which a concentration 
of conjugated diene material was found in some fractions. 

A chromatographic separation or a simple batch removal by adsorption 
is often of value in purification or recovery procedures. Oxidized and 
polymerized material can be removed from unsaturated substances by silica 
gel* or by alumina. Free fatty acids can be “scrubbed out” from an oil 
or ester preparation by passing the preparaticn throvgh alumina, *hus 
avoiding the laborious wash with carbonate which often leads to trouble- 
some emulsions. The precursors of flavour reversion compounds can be 
removed from soya-bean oil by adsorption on alumina*. A method has recently 
been proposed for the measurement of saturated and unsaturated fatty 
acids based upon the adsorptive separation of the products of permanganate 
oxidation of unsaturated acids from the saturated acids®, The oxidation 
products are held on an alumina column and the saturated acids appear 
in the eluate. Passage of hydrocarbon solutions of natural oils over alumina 
has been found to be very effective in removal of tocopherols and other 
antioxidants, thereby yielding antioxidant -free fats for use in studies of anti- 
oxidant activity: 

Ion exchange chromatography, which has proven to be a very efficient 
separation process for ionizable substances, has little value in the separation 
of fatty acids. The common fatty acids have nearly the same ionization con- 
stants, and thus cannot be separated by ion exchange resins. However, 
separations of the lower fatty acids from stronger organic acids should be 
possible. The volatile fatty acids in grape juice wastes can be retrieved by 
ion exchange 

Trapre* used alumina to adsorb phosphatides and fatty acids from 
lipid extracts. The same principle has been used to remove cerebrosides 
in the preparation of <phingomyelin™, the fractionation cf phosphatides 
and cerebrosides*, and for the separation of phospholipids and ganglio- 
sides, 

Tavroe ef employed magnesium oxide in a batch procedure to 
remove choline-containing phospholipids from a methanol extract. The 
removal of phosphatides, sterol glucosides and pigments from soybean oil 
by adsorption on aluminium silicate has also been demonstrated™, 

Hydrated magnesium acid silicate has been used as adsorbent for the 
chromatographic separation of the component in beef heart lecithin which 
is serologically active in the diagnosis of syphilis’’, The lecithin isolated 
by chromatography in benzene solution was unaltered in its activity and 
was found te be chromstographically homogereous by further attempts 
at purification. The preparation was found to have only one doable bond 
per molecule, and yielded a cadmium chloride complex of probable composi- 


tion C,,H,,0,NP(CACI,),. 
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Elution chromatographic procedures have been used by numerous in- 
vestigators to separate and measure the unsaponifiable portion of varioua 
oils. The detection and measurement of squalene in plant and animal oils™. * 
and the detection of minerai oil in ature] fatty oils® © can be done by this 
method. Several investigations of the hydrocarbons present in marine oils 
have employed chromatographic procedures®~*, Similar studies have 
been made of the detection of olive oil in cdible mixtures on the basis of isoia- 
tion of squalene ®. FEiution procedures have been used in the determination 
of free fatty acids, neutral fat and unsaponifiable substance in cils®, the 
separation of unsaponifiable material from wool fat®, and the analysis of 
lanolin-hydrocarbon mixtures. Chromatographic separation of hydrocarbons 
from liver of non-cancerous and cancerous patients showed some differences 
in hydrocarbon cuntent”®. The determination of free and esterified cholesterol 
in serum“, the isolation of carotenoid lipochrome from chicken and horse 
fats*?, the detection of artificial colouring matter in fats™3, and the determina- 
tion of vitamin A in coloured margarine” are further applications of the 
method. By using two adsorbeuts in serics, BoLprncH and Drost have 
succeeded in freeing vitamin A from irrelevant substances which absorb 
at 3250 A, thereby allowing the spectrophotometric measurement of vitamin A 
in the unsaponifiable portion of margarine’, 

QvuairE has devised a chromatographic separation and estimation of 
B-, y-, and 6-tocopherols**. The nitroso derivatives are adsorbed on zine 
carbonate-celite from a hydrocarbon solvent, and benzene is used to elute 
B- and y-nitresotocopherols. The 6-nitrosotocopherol is eluted with ethanol- 
ether and each fraction is measured spectrophotomctrically. 2-Tocopherol 
can be estimated by difference if total tocopherols are measured by the 
EMMERIE and ENGet method. 


These numerous examples cerve to illustrate the wide range of usefulness 


of eluticn chromatography in biochen:ical and technological investigations 


of lipids. 


FRONTAL ANALYSIS 


When a solution containing a mixture of solutes is passed continuously 
through a column of adsorbent, the solutes are adsorbed frem the solution 
and are retarded to different degrees. The components appear in the effluent 
in order of their adsorbability. If successive small increments of the effluent 
are analyzed by physical or chemical means, a front will be observed for 
each component in the mixture. When the last front appears, the composi- 
tion of the percolate is the same as that of solution pressed in. The only 
component which is separated pure is that portion of the least adsorbed 
substance which appears ahead of the second front. Fig. 4 illustrates an 
actual frontal analysis experiment. Ia it, conjugated linoleic acid and B- 
eleostearic acid were pressed into a column of charceal. The first substance 
to sppear was conjugated linoleic acid, as indicated by measurement of 
the light absorption of the solution at 2340 A, characteristic for conjugated 
dienes, When the second front came through the column, the refractive 
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index rose, and conjugeted triene was detectable by its light absorption 
at 2840 A. It should be noticed that the concentration of conjugated diene 
decreased at that point to that of the solution pressed in. Beyond approx- 
imately 75 ml, all succeeding fractions have the same composition as the 


impressed solution. 


This technique is obviously not intended as a preparative procedure. 
Its value lies chiefly in appraising a mixture for its complexity. CLarsson™ 
has made an extensive study of this method of analysis and has worked 
out the mathematical basis for its use as an analytical tool. However, it 
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Fig. 4. Frontal analysis of 0.03% of 10,12-octadecadicnoic and 0-06% 9,11,13-~«tadecatrienole acid 
in 95% ethanol on a 4-5 ml column packed with Jiarco G 60 plus filter aid 1:2. 


does not, scem that frontal analysis will be readily adaptable to quantitative 
analysis of unknown mixtures, for too much prior information about the 
chromatographic behaviour of each component is required before calcula- 
tion can be made. TisE.ivs and CLarsson”’, using an interferometric adsorp- 
tion anaiysis apparatus designed to measure the refractive index of the 
cluate from a chromatographic column, were able to show differences in 
adsorption of lauric, myristie and palmitic acids frora ethanol by an activated 
carbon. CLAEsSON has also applied frontal analysis to the study of separ- 
abilities of trilaurin, trimyristin, tripalmitin and tristearin on active carbon 
using ether as solvent”. In these latter experiments concentration gradients 
were detected using a Schlieren optical system. Experiments with tri- 
glycerides were of a preliminary nature but indicate that triglycerides should 
be separable in such a chromatographic system. 


CLAESSON, using an interferometer to detect fronts, has demonstrated 
froutal analysis with model mixtures of fatty acids, ethyl esters of fatty 
acids, dibasic acids, and higher alcohols on active carbon, using ethanol as 
solvent”. ®, The differences in adsorbability indicated by frontal analysis 
suggest that chromatogrephic separation by other means should be possible 
in the same charcoal-ethanol system, 
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Nester and Cassipy** used frontal analysis to study the adsorptioa 
of acetic, propionic and butyric acids from aqueous solution on activated 
carbon. These workers followed acid concentrations by titration of small 
fractions of effluent. 

Frontal analysis has proven to be useful in exploratory experiments 

to gain information needed in planning displacement experiments. In general, 
a frontal analysis is a simpler, shorter experiment than is a displacement 
separation. Thus it may be preferred as & quick test of separability of com- 
ponents. Thus for example, Hacpant and Ho_man used frontal analysis to 
demonstrite differences in separability of butyric, caproie and eaprylic acids 
on activated carbon in absolute and 50% aqueous ethanol prior to setting 
up displacement experiments®, 
* Tf frontal analyses are performed on solutions of single substances, the 
volume at which the front breaks through minus the liquid volume of tie 
column gives an expression of ihe retention of the substance by the adsorbent. 
These retention volumes for a series of substances in the same chromatographic 
system qive an estimate of the probable separability of the substances. 
If the retention volumes are similar, the substances are poorly separable, 
and if they are greatly different the substances are easily separable. Such 
retention volume values are in reality single points on the adsorption iso- 
therms, and adsorption isotherms can be constructed from the retention 
volume data collected using various conceutrations, 


DISPLACEMENT ANALYSIS 

Jf a sample to be analyzed is dissolved in a solvent and pressed into a chromato- 
graphic column, and a solution of a more strongly adsorbed substance is 
pressed in after it, the solutes arrange themselves in zones on the column 
in order of adsorbability. As the displacer substance advances down the 
column, the substances in the sample arrange themselves in zones ahead 
of it, each in turn displacing the next more weakly adsorbed substance. 
Each displaced substance emerges from the column im a characteristic 
concentration, and in the more general vase, if concentraticn of solute is 
plotted against volume of effluent, a steowise curve is obtained. The height 
of the step is characteristic of the substance in a given chromatographic 
system, and the area under the siep is proportional to the quantity of the 
component. 

TisELius, who introduced displacement analysis as a chromatographic 
technique, pointed out the relationship between adsorption isotherms and 
a displacement development diagram, and how adsorption isotherms can 
be used to predict displacement separations**, When the isotherms are 
straight lines, no displacement is possible, but the substances can be scparated 
by elution. When the isotherms aze curved, displacement is possible. This 
relationship has been tested with fatty acids and found to be valid®. In 
Fig. 5 are shown the adsorption isotherms for butyric, caproie and caprylic 
acids in 50% aqueous ethanol on charcoal. The points of intersection of the 


112 


4 


various isotherms with a 
straight line from the origin 
represent concentrations of the 
various acids which migrate 
througn the column at equal 
speeds (a requisite of displ<ce- 
ment). The dotted line inter- 
secting the caprylic acid iso- 
therm at 1-0% thus respresents 
concentrations which migrate 
at the same speed as 1-0% 
caprylic acid. This line inter- 
sects the caproic acid isotherm 
at a concentration of about 
0-25°%, but does not intersect 
the butyric acid isotherm. This 
indicates that if an attempt 
were made to displace butyric 
aud caproic acids by 1-0% 
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Fig. 5. Adsorption isotherms for butyric, caproie and caprylie 
acids in 56% aqueous ethanol on Darco G 60 charcoal (from 
HAGDAHL and HoL_wan"™), 


caprylic acid, caproie acid would be displaced and emerge in 0-25% concen- 
tration, but that butyric acid would migrate more rapidly and thus be 


eluted rather than displaced. Fig. 6 shows such an ex- 
periment. Butyric acid was eluted, and caproie acid 
was displaced and emerged in a concentration of about 


0-30%. 


Unfortunately, the initial attempts at displacement 
separation of the fatty acids by CLarsson” were un- 
successful, probably due largely to the use of single 
chromatographic filters in the interferometric adsorption 9 
analysis apparatus. Coupled filters developed by Hac- 
DAHL*S, and shown in Fig.7, are really a set of chromato- |? 
graphic columns in series. They have the effect of 


Fig. 6. 
Fig. 6. Displacement of 20 mg butyric acid and 40 mg caproic acid by 10% caprylic acid in 5C% aqueous 


Jom 


Fig. 7. 


etharol (from HacGpant and 
Fig. 7. Diacrammatiec sketch of HaGoanw’s coupled chromatographic filters, A adsorbeut In filter unite; 
B couplings having capillary bore; C geakets; D perforated plates (from HAopAHL™). 


sharpening the fronts of the zones because the effluent of one filter is 


8 Progress the Chemistry of Fats, Vol. 1 


collected, mixed and presented to fresh adsorbent in a smaller filter. By 
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repetition of this procedure, the irregularities in fronts caused by improper 
packing of edscrbent are expressed in smaller and smaller cross-sectional 
areas, and therefo.e in decreasing volume increments. In this manner a 
front can be sharpened to only a few miliivecs of effluent volume, and zones 
otherwise overlooked may be observed. Thus, when CLaEsson’s experiments 
were repeated with coupled filter columns, displacement separation of fatty 
acids was shown to be possible. This work was later extended to demonstrate 
displacement separation of all the saturated acids from formic acid through 
eicosanoic acid*s. Chromatography of high concentrations of saturated 
acids has been performed also®, 


In the course of these latter investigations it was found that displacement 
separation could be improved by performing the experiment using a solvent 
mixture in which the displacer substance was in nearly saturated sotution. 
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Fig. 8S. Displacement separation of stearic acid and octadecene-1 with 1-0% cctadcecane as displacer, ethanol 
solvent, and 36°5 ml) coupled filter. Curve A: Titration with alkall. Curve B: Titration with bromine (from 
HOLMAN"). 


Thus the solubility of the acids was depressed and separability was ¢n- 
hanced“. It was found that fatty acids themselves act as excellent displacers 
for their lower homologs. In a search for other displacer substances, the 
chromatographic separation of various homologous series of compounds 
analegous to fatty acids was also investigated. Normal alky: bromides, 
alcohols and fatty acid esters were shown to be separable by displacement 
chromatography*. In addition to studies on homologous series, separation 
of analogous compounds has been investigated. A serics of experiments on 
normal C,, compounds indicate that the adsorbabilities on Darco G 60 charcoal 
from ethanol could be arranged in the series: iodide > bromide > chloride > 
mereaptan > hydrocarbon > unsaturated hydrocarbon > nitrile > acid > aleo- 
hol>cthyl ester. A typical experiment showing such separations is illustrated 
in Fig. 8, where octadecane displaces stearic acid and octadecene, 

Asa general rule, within homologous series, the adsorbability of a substance 
in the charcoal-ethanol system increases with chain length and decreasing 
solubility. With « serics of strict analogs, such as the alkyl halides, or aleohol 
and mereaptan, the adsorbability increases with molecular weight. However, 
with compounds of the same straight chain length, but having generically 
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\ifferent terminal groups, no sim..e ¢elation holds between solubilities, 
melting point or molecular weight®. 

Group separation of saturated, branched and unsaturated fatty acids 
by displacement chromatography on silica gel has been reported by Crazs- 
sox®, In his system he found that various unsaturated acids had similar 
adsorbabilities, varicus saturated acids had similar solubilities, and branched 
acids had similar solubilities. However, che differences in adsorbability 
betweer the groups suggested that by displacement the various groups 
could be resolved. Subsequent fractionation of the components of each 
group by other means might then be possible. 
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Fig. 9. Separation of 84 mg f,;~unsaturated caproic acid (A), 104mg caproic acid {B), and 65 mg a, f-un- 
saturated caproic acid (C) by displacement with OS% sorbic acid in 40% aqueous ethanol on a 40-0 ml 
coupled filter packed with Darco G 60 plus filter aid, 1:2. Zones identified by ight absorption and bromine 


uptake (from HuLMaN aud WILLIAMS”). For explanation of cross over, »e ref. 86, 


A study of the effect of unsaturation upon adsorbability of fatty acids 
on charcoal has been made by Hotman and Wriuiams™. Saturated and 
unsaturated acids of the same chain length have been separated by displace- 
ment in the range of 4 through 18 carbon atoms. Butyrie and crotonic 
acids were separated by displacement with caproic acid in water solution. 
Valeric, 2-pentenvic and caproic acids were separated in aqueous sclution. 
Tsovaleric. «,f-unsaturated isovaleric and caproic acids were separated 
similarly. Caproic and sorbic acids were easily separable in 40% aqueous 
ethanol by displacement with caprylic acid. In one experiment shown in Fig.9, 
B,y-unsaturated caproic, caprcic, «,8-unsaturaied caproic and sorbic acids 
were separated and the zones identified by bromine uptake and ultraviolet 
light absorption. Undecenoic and undecanoic acids were separated in 50% 
aqueous ethanol sclution by displacement with lauric acid. Palmitoleie and 
palmitic acids were separated in 95% ethanol solution by displacemert with 
stearic acid. 

In the C,, series, olcic, petroselinie and linoleic acids have each been 
separated from stearic acid b; displacement. The separation of linoleic 
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acid, its conjugated isoreer and stearic acid was achieved by displac ment 
with 0-9% arachidie acid in absolute ethanol. This experiment is shown 
in Fig. 10. The separation of linolenic, stearic and #-eleostearic acids by 
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Fig. 10, Displacement of 90 mg linoleic acid (A), 120 mg 10, 12-octadecadicnoic acid (B), and 140 mg stearic 

acid (©), by 0-9% crachidic acid (D), in absolute ethanol on a 38-3 inl) coupled filter packed with Darco G 60 

plus filter aid 1:2. Arrow shows first fraction depositing crystals at 5° C (from HOLMAN and WILLIAMS”). 


$0 


displacement with 0-9% arachidic acid in absolute ethanol has also beea 
accomplished. Demonstration of the separation of linoleic and oleic acids 
by displacement with 0-8°% ethyl palmitate in 75% ethanol was made possible 
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Fig. 11. Displacement of 100 mg linoleic acid and 100 mg oleic acid by 08% ethyl palmitate in 75% aqueous 
tchanol on a 38-3 ml coupled {iter. Titrations with alkali. Mnolele acid devermined enzym- 
atically (from HOLMAN and WILLIAMS”). 


by the specific enzymatic determination of linoleic acid with lipexidase. 
Neither refractive index measurement nor titration of successive fractions 
indicated that separation had taken place, but the measurement of linoleic 
acid concentration with lipoxidase indicates that the linoleic acid is present 
as the first zone in the chromatogram. This experiment is shown in Fig. 11. 

In tho experimenis with unsaturated acids, it was found that isolated 
unsaturation in an acid decreased adsorbability, snd carboxyl conjugated 
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unsaturation increased adsorbstility with reference to the saturated acid 
of the same chain length. Conjugated linoleic acid was adsorbed lesa strongly 
than stearic acid, but eleostearic acid was adsorbed more strungly than 
stearic acid. Impurities in the fatty acids which could not be removed by 
repeated fractional distillation were detectabie by displacement chromato- 
graphy. 

Displacement analysis has not yet been applied wideiy to separations of 
natural iipia mixtures. Attempts were made at displacement separation 
of the triglycerides of stillingia oil and of the ethyl esters derived therefrom™. 
A definite segregation of the light-abscurbing and unsaturated components 
was observed. Subsequentiy, displacement chromatography was used to 
isolate the chromophoric short chain acids present in the oil of Sapium 
sehiferum™ and of Sebestiona lingustrina. In the latter oil, the chromophoric 
acid seems to be 2.4-dodecadienoic acid. In these examples the value of 
displacement separation as a preparative tool is illustrated, 


Carrier displacement chromatography 
This technique was introduced by Tisriivs and Hacpani®™ and is to dis- 
placement chromatography what WerTKamp’s amplified distillation™ is to 
fractional distillation. In the carrier displacement procedure, a proportionately 
large quantity cf carrier substances is added to the limited amount of sample 
to be separated. When the sample plus carrier is displaced, the carriers 
and components of the sample arrange themselves in zones. The carriers 
form broad zones that are easily detectable with the instrument, and the 
sample substances ferm narrow zones between the carriers. Thus, the com- 
ponents of the sample are carried at the fronts of the carriers, and emall 
quantities of substances, too smal! to be detected as individual zones, can 
be separated. 

Carrier separation has been applied successfully to both saturated and 
unsaturated fatty acids. With saturated fatty acid methyl esters as carriers, 
the saturated fatty acids from 12 to 18 carbon atoms have been separated 
in quantities of 5 to J5 mg*. Recovery of the acids, as measured by titration, 
approximated 100%, and the method may prove useful as a micromethod 
for determination of these acids. It was found that the acids appeared in 
the chromatogram just ahead of their csters. A typical experiment of this 
type is shown in Fig. 12. 

™ a study of carrier displacement separation of unsaturated fatty acids, 
the positions taken by several unsaturated fatty acids in two carrier systems 
were determined®. Methyl esters of even acids and methyl esters of odd 
acids were used 2s the two carrier systems, the adsorbent was Darco G 60 
charcoal, and the solvent 95% ethanoi. It was observed that some fatty 
acids fall Detween carriers, and some chrematographed within carrier zones. 
The data gained are summarized in Table 1, and an example of a carrier 
separation of two dienoic acids is shown in Fig. 13. From these observations 
some geueralizations may be attempted. Ia the chromatographic system 
employed, 1) increasing the namber cf isolated double bonds decreases 
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adsorption, 2) going from single to double to triple bonds decreases adsorp- 
tion, 3) conjugation of unsaturation increases adsorption, 4) differences in 
adsorption of cis and trans acids are slight, 5) one isolated double bond de- 
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Tig. 12. Carrier displacement separation of 10 mg mpyristic acid, 15 mg palmitic acid, and 10 mg stearic 
acid in a carrier system of methy!] laurate, meths1 mytistate, ncthyl palmitate and methyl stearate. Upper 
; curve: refractive index, lower curve: acid content of 3 mi fractions (from HoLMan™). 


creases adsorbability roughly equivalent to shortening the chain length 
by 2 carbon atoms, and 6) one acetylenic linkage reduces adsorbability roughly 
equivalent to shortening chain length 4 carbon atoms. 


Table 1—-Adsorbabilities of falty acids in reference to methyl esters 
(decreasing downward) 


Methyl stearate 
Methyl heptadecanoate, brassidic acid, erucic acid 
Stearic acid, gadelaidic acid 
Methyl palmitate 
10,12-Linoleie acid 
Methy! pentadecanoate, palmitic acid, arachidonic acid 
Conjugated liuoleic acid (mp 8°), petroselaidic acid, vaccenic acid 
Mcthyl myristate, petrosclinic acid, claidic acid, oleic acid, linoleic acid, 'inolenic acid 
Methyl tridecanoate 
Myristic acid, palmitoleic acid, 1l-octadecynoic acid, stearolic acid 
Methy! laurate 


The separation of branched and unbranched saturated fatty acids can be 
achieved by carrier separation. Branching the chain reduces the adsorbabitity, 
and brenched and unbranched isomers are easily separable. One such ex- 
ais periment, in which palmitic and isopalmitice acids are separated, is shown 
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in Fig. 14. Using similar systems, the separability of four different branched 
isomers of stearic acid has been demonstrated. 
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Fig. 13. Carrier displacement separation of 9-7 mg of linoleic acid and 10-5 mg 10,12-linoleic acid in a carrier 
system of 50mg methyl laurate, 154 mg methyl stearate, and 102 mg me thyl palmitate In 0-05% methyl 
stearate im @5‘e ethanol. Displacer 1-0% methyl stearate. Filter 40-0 ml; 0-O-0-0 linoleic acid determined 
enzymatically; @ @ © @ 10,12-liroleic acid determined by ultraviolet light absorption at 2340 A (from 
HOLMAN"), 


Displacement chromatography, although a new technique, has proved 


to he very useful in many types of separations. It has been successfully 
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Fig. 14 Carricr displacement of 10 mg fsopalmitic acid and 10 mg palmitic acid In the methyl laurate 
methy] myristate, methyl palmitate and methyl stearate carrier system, 


applied to fatty acid, ester, triglyceride and sterol separations, and to pre- 
parative and analytical separations. It appears that this method of chromato- 
rraphie analysis will find wumerons uses in the fat ficld. Its advantages 
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are speed of development, the relatively small volume of liquid required for 
development, and the possibility of isolating substantial qu~ntities of each 
component in a relatively pure state. Its chief limitation is the necessity 
of finding a suitable cheap, easily available substance for use as displacer. 
Although no special equipment is necessary for displacement chromatography, 
the desirability of using coupled filters and a physical means of observation 
may resirict its use because of cost. 


PARTITION CHROMATOGRAPHY 


This modification of chromatographic procedure utilizes the differences in 
concentration of solutes in two liquid phases. One liquid phase is held im- 
mobile by a solid carrier, the other is allowed to flow past the immobile 
phase. In practice, partition chromatography is very similar to elution 
chromatography. The basic difference is that in pai:tition chromatography 
the immobile phase is liqaid, and separations depend upon the partition 
coefficieats of solutes in the two liquid phases. 


The volatile fatty acids can be separated on a column in which the im- 
mobile phase is silicic acid containing adsorbed water and tinted with an 
indicator, and the mobile phase is butanol-chloroform. Using such a system, 
Ramsey and Patrerson®™ were able to separate acetic, propionic and butyric 
acids, but iso-butyric acid was not”separable fromjbutyric acid. By using 
iso-octane as the mobile phase, Ramsey” was able to separate the two 
butyric acids, detecting 10% iso-butyric acid in a mixture in a single pass. 
Ramsey and Patrrerson™ were also able to separate acids of 5 to 10 carbon 
atoms in chain length in this same system. They used brom-cresol green 
to indicate the zcne positions on the column. The use of this method for 
determination of the volatile ucids been the subjectTof a cooperative 
study™, and hae been found to be suitable for studies in{food decumposition. 
Tt is now listed as First Action in the Official Methods of Analysis of the 
AOAC2% Extspen™ applied partition chromatography with silica gel 
and chloroform to separate and measure all acids from acetic acid through 
valeric acid. 

Pererson and Jounson!® improved the separation of acids of inter- 
mediate chain length by use of a system employing diatomaceous earth to 
hold water or sulphuric acid as the immobile phase. They were able to 
separate acids ranging from formic to capric, and maximum error in re- 
covery experiments was 8%. One of their experiments is shown in Fig. 15. 
Moye ¢f al.!°3 used chloroform butanol] mixtures as mobile phase and buffered 
silica gel columns. In a study of acids from acetic through caprylic, each 
acid could be identified and measured in optimal quantities of 0-1 millimoles, 
Farmsainn and Harpur™ used two columns in their partition separation 
of the same acids. Recently Mar'™ has worked out an ultramicromethod for 
separating and determining fatty acids by partition on nyloa thread. Acids 
from 8 through 18 carbon atoms are separated by developing with ethanol: 
water:acetone, 1:1:1. The thread is cut and each group fractionated further 
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using other solvents. The individual acids are determined by measuring their 
areas in a monomolecular film. The method has a range of 2 to 6 micrograms 
of each acid. Ramsey and PaTtrerson’™ extended the range of usefulness 
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Fig 15. Partition chromatographic separation of volatile acids. EHluting solvents: Benzene, 10% butano 
in chloroform and 25% butanol in ehieroform (froma PETERSON and JonNsoy***). 


of partition chromatography to the C,, acid by asing furfuryl alechol and 


2-aminopyridine az immobile solvent and hexane as mobiie phase. 


Reverse phase partition chromatography  ° 


This technique differs from ordinary 
partition chromatography in that it 
uses a nonpolar solvent as the immobile 
phase. 18 used vulcanized 
Hevea rubber as support for benzene 
and a strongly polar soivent as the 
mobile phase. By decreasing the water 
content of the mobile phese, acids of in- 
creasing chain Jength could be exiracted q 
from the column. Impregnating the inert 2c mi 
supporting substance with dichlorodiet- Reversed phase partition chromato- 


erayic acparation of about 2 mg each of lauric, 


hyl silane prevents wetting by water — »ristic, palmitic and stearic acids. Stationary 
1 allow f ] solvents a aoctane saturatedw ith 70% aqueous 
and allows use of nonpolar solvents as merthanal on dichlcrodemethyl] silae-treated 


the immobile phase™. An experiment by Moving 70% 
° ° ° wp to arrow, 80% aqucous ethanol yo 
Howarp and Martin is shown in Fig. 16. (from THowarp and Martin’), 


Meg acid/cul 


Paper chromatography 


Paper chromatography is in reality one dimensional or two dimensional 
partition chromatography on a paper support. In the lipid field, its applica- 
tion has been limited. Cuarcarr et al. used filter paper strips for the 
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separation and identification of choline and primary amines derived from 
lipid extracts. A much needed method for scparatio. of the various phos- 
pholipid substances has been provided by paper partition chromatography". 
The method using chloroform-etha.ol-water as mobile phase and paper 
strips or a column of ground cellulose has allowed the isolation of choline- 
containing phospholipid free of other phospholipid contaminants. Volatile 
fatty acids in the form of their potassium hydroxemates can be separated on 
paper strips and visualized by treatment with FeCl, which develops purole 
spots on a yellow background", The hydroxamic acids of saturated fatty acids 
from 2 to 22 carbon atoms in length have R, values (rates of migration) 
such that they are separable in an aqueous butanol system, but the higher 
homologs are inseparable’. Keto acids can be determined by paper strip 
chromatography of their dinitroplenylhydrazones usiny butanol as solvent™*, 
The spots are extracted and made alkaline with sodium hydroxide, and 
measured colorimetrically. Sodium salts of fatty acids can be separated 
on paper in butanol-ammonium hydroxide, dried, and sprayed with brom 
cresol green to yield vellow spots on a blue background™5, In a similar method, 
the strips are developed in an atmosphere of ammonia™*, 

Much of the problem in adapting paper chromatography to lipid separa- 
iions has been the visualization and identification of the spots of developed 
substances. KatrMany has Cevised a foam test whereby 5 to 10 micrograms 
of fatty acids can be detected in a spot’. The foam is produced by copper- 
catalyzed decomposition of hydrogen peroxide in ammecnium hydroxide. 
Wherever fatty acid is present on the paper, 2 mound of foem appears, and 
the character and permanence of the foam is determined by the fatty acid. 
KauFrMann has used various other means to detect micro guantitics of 
fatty acids™*.™% Fat-soluble dyes and coloured metal salts can be used to 
locate fatty acid spots. Osmium tetroxide can be used to show the presence 
of unsaturated lipids, 5 micrograms of oleic acid being detectable by this 
method. Alkaline permarganate treatment will detect the presence of 1 micro- 
gram of unsaturated acid. Fatty acid spots can be detected by treating the 
paper strip with a solution of radioactive heavy metal ions (Co™), carefully 
washing out the excess salt, and detection of bound radioactive material 
with a counter or by making a radioautograph'**, The area and density of 
the photographic image can be measured to give a quantitative determination 
of the acids. 

Several means of measuring the amount of substence in a spot are avail- 
able. The spot can be cut out from the paper, extracted, and the constituent 
measured chemica'ly. The spot can be made visible by a colour reaction 
and its area can be measured planimetrically. WrsLtanp’s retention analysia 
has been applied tc fatty acid spots with good results by Katrmann™®, 
If 0-2 to 1-0 mg of oleic acid in solution are placed on filter paper and allowed 
to dry, and an aqueous solution of copper acetate ia allowed to rise slowly 
past the spot by capillary action, the area of the depression in its front is 
plopurtional to the quantity of oleic acid in the spot, This experiment is 
shown in Fig. 17. 
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Fig rtention analysis of 0-9 and 0:3 mg oleic 
acid Usiuy a rising front of copper acetate solution 
Depressions in front are proportional te quantity 


m oleic acid (from KatrMann'*). 
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Convlusions 


It is apparent that paper chromatography is adaptable to microanalysis 


of fatty acids and other lipids, and it seems likely that within the next few 
years it will be an area of intense research. 


CoNCLUSIONS 


From the ioregoing discussions it wiil be apparent that chromatography 
has not been systematically explored as an analytical method for fatty acids 
and their compounds. However, the scattered observations give evidence 
that the technique is a potent one when applied to specific problems. One 
or more of the various types of chromatography has been used to effect 
separations of closely similar substances differing by one or more carbon 
atoms, in degree of unsaturation, in positional isomerism, by cis-trans 
isomerism, by functional group, or by branching of the carbon chain. The 
method is able to achieve quick separations on a small scale that are not 
possible by large scale fractionations by crystallization or distillation. Sharp- 
ness of scparation of compounds having slight molecular differences exceeds 
that of most methods of separation. 


One limitation of the use of chromatography is that it requires unwieldy 
apparatus to achieve large scale separations. In the Jaboratory, ordinary 
set-uns can handle up toa gram of sample, but specially built larger apparatuses 
have been constructed to allow the fractionation of 25 to 50g. Chromato- 
graphy has been used commercially for some large scale crude separations. 
Industrial application of chromatographic separation should be feasible, 
but is has not yet received much attention. 


The empirical nature of chromatography leads to an infinite variety of 
experimental systems. The present state. of knowledge of the method’s 
application to even such a small field as fatty acid separations is confusion, 
because few experiments can be compared. However, recently some sys- 
tematized experiments have aided in organizing the information and rupplying 
a few sin:ple rules the investigator can follow. If this tendency to systematize 
chrematographic information is followed, the method will prove to be a very 
popular and powerful analytical method in the ficld of fat chemistry. 
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DERIVATIVES OF THE FATTY ACIDS 
H. J. Harwood * 


TRIGLYCERIDE FATS and oils which comprise one of the major classes of 
naturally occurring organic chemicals are approxiniately 90% fatty acids. 
Since both animal and vegetable fats and oils are produced in enormoua 
quantities, their component fatty acids represent a raw material with an 
almost unlimited potential. Among natural products the higher fatty-acid 
molecules are structurally unique, possessing a long non-polar hydrocarbon 
chain which terminates in the highly polar carboxyl group. It is this unbalanced 
polarity which accounts for many of their valuable properties. The carboxyl 
group is very reactive and is subject to chemical alteration. Other molecules 
thus produced are also of unbaianced polarity, each with its own distinctive 
properties. A discussion of these chemical processes and the properties of 
the derivatives so produced is the subject matter of the greater portion of 
the following pages. To a lesser extent derivatives resulting from modification 
of the hydrocarbon chain of the fatty acid will be included. 

The unbalanced polarity of both fatty acid and fatty-acid-derivative 
molecules is manifest in a tendency to orient at surfaces. This tendency is 
usually referred to as surface activity and is the result of a decided difference 
in the attraction of a specific medium for the two portions of the surface- 
active molecule. This property of surface activity is responsible for the 
extremely wide application of fatty-acid derivatives and is exhibited in 
such varied fields as detergents, flotation agents, attiseptics, antistatics, 
corrosion inhibitors, lubricants, textile softeners, emulsifiers, wax additives, 
protective coatings, and many others. In fact, almost without exception 
a “fatty” chemical connotes a surface-active chemical. 

Certain important fatty-acid derivatives are treated elsewhere in this 
work and accordingly are omitted from the present discussion. These include 
the metallic soaps. the esters, and the higher aliphatic alcohols, chlorides, 


and sulphur derivatives. 


DERIVATIVES OF THE CARBOXYL GROUP 
NITROGEN DERIVATIVES 


Prominent among the fatty-acid derivatives which have become technologically 
impertant during the past few decades are those containing nitrogen’. 
Included are the amides, the nitriles, the amines, and the quaternary ammonium 
salts and related substances. In general, the nitrogen-containing derivatives 
of the fatty acids are derived from the acids by chemical reactions involving 
ammonia or amines. These reactions will be discussed i: detail in the sections 
dealing with the individual compounds, 


° Armour and Company, Chicago, Ulinois, 
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Derivatives of the fatty acids 


Fatty acid amides 
Amides, perhaps the simplest ef the nitrogen-containing derivatives of the 
fatty acids, are the products of the interaction of an acid with ammonia or 
an amine with the elimination of water, 


RCOOH + HN<R,, Rcon<R’, + 4,0 


where R’ and R” may be hydrogen or substituent groups. For purposes 
of discussion the amides will be considered as falling into the following 
classes: simple (primary) amides, secondary amides, substituted amides, 
and related compounds. 


Simple amides (RCONH,) 

The preparation of simple primary fatty-acid amides may be accomplished 
in a number of ways, such as the reaction of fatty acids with ammonia (or 
pyrolysis of the ammonium salt)* ¢, urea®> * or acetylurea, formamide 
or acetamide®, of fatty-acid chloiides with ammonia‘.7.5% 1%", of fatty- 
acid esters with ammonia*.™*, and of fatty-acid nitriles with hydrating 
ageats*. Of these only the reaction of the acids with ammonia has reached 
commercial proportions. In practice, fatty acids contained in a stainless- 
steel pressure vessel are heated to a temperature of about 200° and then 
subjected to a stream of amnmonia gas under slight pressure. Excess ammeonia 
and water produced during the reaction are vented continuousiy and then 
separated by means of an ammonia recevery system. Although rapid at 
the outset, the reaction requires S-10 hours to reach completion. Commercial 
products which are obtained in 2 purity over 90° may contain small amounts 
of fatty acids and fatty-acid nitriles. 

Fatty-acid amides are crystalline solids with melting points, depending 
upon the length and degree of saturation of the carbon chain, rangiag from 
76° for oleamide to 109° for stearamide. The comparatively high melting 
points and low solubility of the fatty-acid amides are attributed to molecular 
association*, Melting points and solubility data are given in Tables 1 and 2. 


Table 1—Melting points of amides 


Anilide *-Meihylamide | N-Dodecylamide 


Caproic . 
Caprvlic 

Caprice . 
Lauric . 
Myristic. 
Palmitic 

Stearic . 
Arachidie 
Behenic 

Oleic . . 


* Freezing point 


| 101° 92° 13-6° 
| 105-9* 55 33-9 

98-5* 69-5* 57-3 ; 

77-2° 68-4 | 97° -77-5° 
84 73-4 | 84 -25 
107-0* 9-2° 85-5 825-83 
| 109-7* o4 92-1 $5-0-85-5 
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Table 2—Solubility of saturated fatty-acid amides 
(Grams per 100 g Solvent at 30°) 


| 
Amide Benzene Carbon Acetone | Methanol 95% Ethanol 
tetrachloride | 


Caprylamide .... 0-6 0-4 78 | 530 | 32-8 


Capramide ..... 0-8 0-2 3-8 15-2 =| 120 
Lauramide . . . | 34 | 124 | 
Myristamide .... 0-4 10 2:7 3-8 
Palmitamide. . . . . 0-4 0-1 0-8 1-2 1-5 


Stearamide .... . 0-4 <@1 


Chemically the fatty-acid amides undergo most of the reactions typical 
of short-chain aliphatic amides. Hydrolysis or treatment with nitrous acid 


results in the formation of the corresponding acid. Pyrolysis of the amides 
leads to the formation of fatty acids and fatty-acid nitriles". The latter 
may also be obtained Ly treatment of the amides with phosphorus pentoxide® 


or pentachioride’®, Hydrogenation of amides yields mixtures of primary 


and secondary amines". Treatment of higher aliphatic amides with sodium 
hypobromite is complicated by side reactions, and low yields of primary 
amines are obtained". '6!7_ Nitriles containing one less carbon atom than 


the original amide are among the producis of the side reactions. Other 


reactions of the amides will be discussed in the succeeding sections. 


Amides of a number of unsaturated acids have been described. Linole- 


ami‘le is subject to rapid oxidation and deterioration when exposed to air™, 38, 


Most applications depend upon the physical rather than the chemical 


properties of these compounds. These applications include their use as 
mutual solvents fer the blending of waxes with plastics, as anti-tack or 
anti-block agents, for bloom prevention in rubber products, as ink additives 


for reducing slip and gloss, as foam stabilizers, as surface-active agents, and 


as intermediates in the preparation of textile softeners and water repellents. 
The last represents one of the largest uses for stearamide™. In this applica- 
tion the amide is converted to a water-soluble derivative by reaction with 


formaldehyde, pyridine, and hydrochloric acid. 


C,,H, CONH,+CH,0+N »+H,0 
Cl 


Treatment of a fabric with a solution of this pyridinium chloride followed 
by a heating process results in the deposition of a water-repellené film (prob- 
ably consisting of N.N’-methylene distearamide). 


Secondary amides ((RCO),NU] 
Lower homologs of fatty acids may be converted to secondary amides by 
reaction with nitriles. Application of this process to the preparation of 
distearamide has been reported*®, although properties of the product do 
not correspond with those of distearamide prepared by other means. A 
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more satisfactory method for the preparation of the latter cempound lics in 
the reaction of the acid chloride with the 4 ‘mary amide*, 


RCOC] + RCGNH, + (RCO),NH + HC 


Preparation of mixed secondary amides by the reaction of fatty-acid esters 
with sodium derivatives of amides has been reported *. 

Distcaramide like stearamide is relatively high melting and but slightly 
soluble in polar organic solvents. Although not commercialiy available, 
distearamide has been suggested for use in waterprocfing fabrics*®. Here, 
as with stearamide, the coating of the fabrics is accomplished through tie 
use of the intermediate amidomethylpyridinium chloride. 


Substituted amidcs (RCONR’R”) 
As the simple fatty-acid amides may be considered reaction products of 
fatty acids with ammonia, co the substituted amides may be considered 
reaction products of fatty acids with amines: 

RCOOH + RNH,-— RCONHR’ + H,O 


where R’ may be an alkyl or aryl group. Both hydrogen atoms on the amide 
nitrogen may also be substituted. Actually substituted amides may be 
synthesized by a number of procedures as will be illustrated in the discussion 


of specific compounds. 
Ii is evident that a wide variety of substituted amides is possible, depend- 


ing upon the nature of the substituting group. The more common amino 
compounds from which substituted fatty-acid amides are derived include 
aliphatic and aromatic amines, hydroxyalkylamines, alkylencdiamines, amino 
acids, and amino sulphonic acids. Methods of production and several appli- 
cations will be discussed. In practice the substituted amides mcy be prepared 
by reaction of the fatty acid, the acid chloride, or the ester with an amino 
compound®. 38, or by reaction of the simple primary amide with alkylene 
oxides, aldchydes, chloromethyl! ethers, ete. 

N-alkyl or N,N-dialkyl fatty-acid amides are readily prepared by heating 
the fatty acid with a molecular equivalent of the appropriate amine at 
temperatures ranging from 100° to 250°%3, or by reaction of an acid chloride 
with an amine**. Psoperties of these amides vary with the substituted 
alkyl group, with melting points somewhat lower and solubilities higher 
than thove of the corresponding simple amide*5, Amides are less susceptitle 
to hydrolysis than esters. This property together with their waxy character- 
istics suggests the application of N-alkyl substituted amides of saturated 
fatty acids in surface coating. 

A number of N-aryl substituted fatty-acid amides have been described 
in the literature. Of these stearanilide, prepared from stearic acid‘. ** or 
stearoyl chloride* and aniline, has found some commercial application im 
wax compounding. Stearanilide as prepared from commercial stearie seid 
is a waxy solid. The pure compound melts at 94°. 

A substituted fatty-acid amide which has attained large-scale com- 
mercial production is the oleoyl derivative of N-1ethyltaurine (C,,H,,CO- 
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*(CH,)CH,CH,S0,H)*’. Tho first step in the production of this substance 
is the conversion of oleic acid to the acid chloride by treatment with phos- 
phorus trivhloride (see Acid Chlerides). Reaction of the acid chloride with 
N-methyltaurine is carricd out in the presence of excess aqueous caustic 
reection). 


C,:H,,COC] + HNCH,CH,S0,Na + NaOH C,,H,,CONCH,CH,SO,Na + + NaCl 
H, 


The reaction vessel is brick lined and equipped with a stainless-steel agitator 
and submerged coil for temperature control. After completion of the reac- 
tion, the excess caustic is neutralized with muriatic acid to a pH of 6 ta 8. 
Oleoylmethyltaurine (sodium salt) is marketed as an aqueous gel containing 
approximately 16% of the active ingredient and as a powder containing 
approximately 31%. 

Approximately 65% of the production of oleoylmethy!taurine is utilized 
in textile processing, the remainder finding application in a wide variety 
of other uses. 

A type of non-ionic surface-active agent which falls into the classification 
of N-substituted amides is obtained by the reaction of simple primary fatty- 
acid amides with ethylene oxide *, 

(CH,CH,0),H 
(CH,CH,O),H 


RCONH, + (z + y) CH,CH, + RCON< 
O 


Commercial products of this type cre available*®® which are derived from 
a number of fatty-acid amides and which contain varying lengths of poly- 
oxyethylene chains. Properties of these substances are determined by the 
length of both the fatty-acid and the polyoxyethylene chairs. Increase in 
the latter ‘s accomnanied by increased water solubility. This range of prop- 
erties places the polyoxycthylene-substituted amides among the most versatile 
surface-active agents. 

Methylene diamides obtained by the reaction of fatty-acid amides with 
formaldehyde in the presence of acid catalysts* 

2 RCONH, + CH,0 + (RCONH),CH, + H,O 


are types of substituted amides. These compounds as prepared from com- 
mercial grades of saturated fatty-acid amides are waxy solids. Basic catalysts 
result in the formation of methylol amides™, 


RCONH, + CH,0 ++ RCONHCH,OH 


These are intermediates in the formation of amido csters™ and a number 
of surface-active chemicals*. 

Nemerous other substituted amides and related compounds derived 
from fatty acids have been described in the chemical literature. These in- 
clude the amidines the amidoximes (R(=-NOH)NH,)*, 
hydroxamic acids (RCONHOH)®, hydrazides (RCONHNH,)*, phenyl- 


hydrazides (RCONHNHC,H,)*’, piperidides (RCONCEH cH,)*, urcides 
\ avi'g 


131 


“Ad 
x 
4 
> ‘ 
‘ 
| 


Derivatives of the futty acids 


(RCONHCONH,)®, acylsulphanilamides >SO,NHCOR)*, imid- 
azolines (glyoxalidines) 


and benzimidazoles 


A number of acylated amino acids and protein hydrolysates Lave found 
application as detergents and surface-active agents, They are said to have 
the property of dispersing lime soaps. 

Many other fatty-acid-amide derivatives have been described in the 
patent literature, particularly that relating to surface-active agents. Much 
of the chemistry described in these sources is obscure but does serve to 
emphasize the importance end versatility of fatty-acid amides and related 
chemicals. 

Fatty-acid nitriles 
Fatty-acid nitriles, RC=N, are important nitrogen-containing fattw-acid 
derivatives which by reason of their chemical reactivity find application 
as intermediates in the synthesis of other compounds, particularly the amines 
(sce Higher Aliphatic Amines). Nitriles may be regarded as the product 
of the elimination of two molecules of water in the reaction ot fatty acids 
with ammonia. Important preparative procedures depend upon this reaction. 

Higher fatty-acid nitriles were first prepared by the dehydration of the 
corresponding amide with phosphorus pentoxide® and later with phosphorus 
pentachloride’®. Catalytic dehydraiion of amides to produce pitriles has 
also been reported *, 

Preduction of a mixture of nitrile and fatty; acid has been accomplished 
by the thermal decomposition of an amide. Since amides are produced 
by the reaction of fatty acids with ammonia, modification of the conditions 
of the reaction should result in the formation of nitriles. The meactions 
involved may be illustrated by the following equilibria’: 

—H,0 —H,0 
RCO,H + NH, RCO,NH, RCONH, RCN 
+H,0 +H,0 
Fatty acid Ammonium Amide Nitrde 
salt 


Removal of the water will ultimately bring about corapiete conversion of 
the fatty acid to the nitrile. The above equilibria probably @o mot represent 
the truo mechanisms of the reaction. 

Formation of small amounts of nitriles is observed during the Rquid- 
phase conversion of fatty acids to amides at 190°—200°*; the formation 
of nitriles is increased by the presence of zine chloride. At temperatures 
of approximately 300° the conversion is complete™ *, %.@, Vapour-phase 
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catalytic precesses have been applied to the production of nitriles by the 
reaction of fatty acids or their esters*.4 with ammonia. Dechydrating 
catalysts such as alumina, thoria, titania, pumice, and silica gel are employed. 

Other methods which are avaiiable for the preparation oi aliphatic nit-iles 
include the reaction of alkyl halides with inerganie cyanides™, and the 
action of excess sodium hypobromite on amides*. 

Commercial preparation of nitriles from fatty acids" involves a combination 
of liquid- and vapour-phase processes®!, A flow sheet for this process is shown 


in Fig. 1. Fatty-acid feed 1s pre- Distited 
heated in a_ reflux condenser adrile 
before passing into one of the ‘ 
lower plates of the ammoniation Bet 
tower, where reaction with am- Condenser 

monia occurs. Bottoms pass into ; 

a small pitch tower where fatty a Nine 


acids and ammoniated products 
are stripped and carried back into 
the ammoniation tower. Vapour, 
consisting of ammonia, nitriles, 


fatty acids, and water, leaves 
feed tank 


Anmone 


the reaction tower through the stripper 
reflux condenser. After passing Crude nitrile 
through a superheaicr the vapour 
Canverter 
enters the converter, which con- 
tains a fixed bed of aluminium yea macs 
cCwer 
oxide catalyst and in which con- 
| Pitch tower 


version to nitriles is completed. 
The product, stil in the vapour 
phase, is passed into the ammonia Mitrile pitch 

stripper where water and am- Fig. 1. 

monia are removed and separated. 

Crude nitriles are withdrawn from the bottom cf the stripper and either 
pumped to storage or fed directly to a fractionating tower for distillation. 
Heat for the various operations is supplied by means of Dowtherm boilers, 

Saturated fatty-acid nitriles are liquids or low-me'ting solids. Melting 
(or freezing) points, boiling points, and refractive indices are tabulated in 
Table 3, and vapour-pressure curves are shown in Fig. 2. 

Solubilities in a number of organic solvents have been reported®t, The 
nitriles are very soluble ia all solvents investiyatcd. Few physical constants 
are available for unsaturated fatty-acid nitriles. 

The nitriles of myristic acid and lower fetty acids possess distinctive 
and, to many, objectionable odours. The compounds are reported to be 
non-toxic, 

That alipnatic nitriles are extremely reactive is evidenced by the following 


discussion. Most chemical reacticns of the nitriles are related to the un- 
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Table 3—Physical constants of saturated fatfy-ccid nitriles 


| 


Capronitrile. .... —79-4 | | 164-8 | 1-4049 
Caprylonitrile . . . . —456 41-1 208-8 | 11-4183 
Caprinitrile . .. . . —14-46* 696 | 244-1 1-4276 
Tauronitrile. .... 4-02* | 95-8 276-7 | 1-4341 
Myristonitrile.....| 19295 | | 32069 | 12-4392 
Palmitonitrile . 31-40° 1423 | 3342 1-496 (35%) 
Stearonitrile 40-88 | 1613 | 3574 | 1-4389 (45°) 
Arachidonitrile. 435-405 | | 

Behenonitriie 53-5-54-5 


* Freezing point 


saturated character of the cyano group, although in some cases a hydrogen 
atom attached to the adjacent carbon atom is involvcd. The cyano radical 
in atiphatie nitriles reacts rarely as a unit. 


+ 
= = a 
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Temperature 


Fig. 2 


Probably the most important reaction of fatty-acid nitriles is that of 
reduction to the amines. This is accomplishcd by catalytic hydrogenation, 
by sodium-alcohol reduction, or by reduction with lithium aluminium hydride. 
A discussion of nitrile reduction may be found in the section on amines. 


As was indicated above in the discussion of the preparation of nitriles, 
these substances are susceptible to hydrolysis. This hydrolysis proceeds 
through the amide to the carboxylic acid, cither of which may be obtained 
by selection of proper conditions, The velocity of the acid hydrolysis of 
nitriles increases with the concentration of the acid, whereas the velocity 
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of the acid hydrolysis of amides passes through a maximum. Advantage 
is taken of this fact in the preparation of amides from nitriles by treatment 
with concentrated sulphuric acid*, Conversely, selective hydrolysis of arides 
in the presence of nitriles by heating with constant-boiling hydrochloric acid 
affords a method for quantitative analysis*. 

Studics®> of the alkaline hydrolysis of low-molecular-weight nitriles to 
the acids indicate that the rate is dependent upon the rate of formation of 
the amide. Alkaline hydrolysis is effectively carried out under pressure at 
elevated temperatures’, Treatment of nitriles with alkaline solutions of 
hydrogen peroxide results in the formation of amides**. 

Thiohydrolysis of nitriles with alkaline sulphides (Na,S, (NH,),S) leads to 
the formation of thioamides*. *, 

Reaction of fatty-acid nitriles with GricxanpD reagents offers a convenient 
method for the preparation of unsymmetrical ketones (see Ketones)™, 5, 


Addition cof hydrogen chloride to nitriles results in the formation of 
imino chlorides which may be reduced to the aldimines. Upon hydrolysis 
the latter yield aldehydes. This series of reactions can be carried out by treating 
an ether solution of the nitrile with hydrogen chloride in the presence of 
stannous chloride. Steam distillation of the a'dimine-stannic chloride complex 
liberates the aldehyde™ 


2RCN + 2 HCl + SnCl, + (RCH = NH),SnCl, 2 RCHO + SnCl,- 2 NH, 


Although high yields are obtained with lower aldehydes, the method is less 
satisfactory for the preparation of the higher homologs (see Higher Aliphatic 
Aldehydes) ©, 

Imino ethers, RC(—NH)GR’, are formed by the reaction of nitriles with 
hydregen chioride in alcohol solution. Treatment of the imino ether salt 
with ammonia results in the formation of amidines™, 

Amidoximes, RC(=NOH)NH,, are produced by the actien of hydroxyl- 
amine on nitriles’®, Preparation of a series of higher aliphatic amidoximes 
has been reported*, 

Treatment of an aliphatic nitrile with phenyl ethyl lithium amide leads 
tc the condensation of two molecules of the nitrile with the formation of 
the so-called dinitrile or imino nitrile*. 


=NNa = > RCH,C=NH 


2 RCH,CN 


RCHCN 


Imino nitriles are readily hydrolyzed by dilute acid te the corresponding 
keto nitriles and can be reduced to diamines by catalytic hydrogenation®™, 

Thermal cracking of higher aliphatic nitriles has been investigated", 
This process, which procecds without significant loss of the polar cyano 
group, results in the formation of a mixture of both saturated and unsaturated 
hydrocarbons and _ nitriles of all chain lengths below that of the original 
nitriles. The unsaturation is largely in the terminal position. 
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Although the fatty-acid nitriles are principally used as chemical inter- 
mediates, they are also finding application as plasticizers for synthetic 
fibres, as lubricants in yarn spinning, in minerai concentration, and as starting 
materials for the synthesis of textile water repellents. 


Amines and alkylammonium compounds 


Few, if any other, of the newer commercial organic chemicals promise the 
extensive and diverse utility which is developing for the higher aliphatic 
amines and related compounds. Many practical problems in surface chemistry 
are yielding to these versatile chemicals. Ir the following discussion of the 
amines and alkylammenium compounds derived from fatty acids, practical 


aspects of their chemistry will be emphasized. 
For purposes of this discussion the usual classification of primary, second- 
ary, and tertiary amines and quaternary emmonium salts will be employed 


Primary amines (RNH,) 

Of the various methods which are available for the synthesis of aliphatic 
primary amines, most have been applied to the higher homologs. Reaction 
of an alky! halide with ammonia is one of the first procedures used *, ©, 6, 67, 68, 


RX + 2NH, RNH, + NH,X 


Reaction of alkyl halides with sodium amide in liquid ammonia has also 
been employed®, These processes are complicated by the formation cf both 
secondary and tertiary amines and in some cases the quaternary ammonium 
salt. In some instances olefin formation is also observed. The extent of 
alkylation tends to decrease with increase in chain length and to increase 
according to the reactivity of the alkyl halide (I>Br>Cl). This process 
for the production of higher alphatic primary amines reached limited com- 
mercial proportions at one time but is no longer employed. 

Preparation of mixtures of higher aliphatic primary, secondary, and 
tertiary amines by the reaction of the corresponding alcohol with ammonia 
in the presence of thorium dioxide” or silica gel* has been described. 

Three reactions which are chemically related have been used to a limited 
extent for the laboratory preparation of higher aliphatic amines. These, 
the Hormany, the Scuwipr, and the Curtivs reactions™ involve a molecular 
rearrangement and the loss of one carbon atom. Reaction cf amides with 
alkali hypobromite was originally employed by Hormann for the preparation 
of amines and has subsequently been used by others'* 7, 

RCONH, + Br, + 4NaOH RNH, + 2Na,CO, + 2 NaBr + 
The Scumipt reaction, treatment of a carboxylic acid with hydrazoic acid 


in the presence of sulpinusic acid, has been applied to fatty acids in the prep- 
aration of amines containing one carbon atom”, 7, 


17,80, 
RCOOH + RNH, + CO, +N, 
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Similarly the Curtivs reaction, rearrangement of the acid azide to the iso- 
cyanate followed by hydrolysis to the amine, has been used with the higher 
fatiy 


—N, H,0 
RCON, ——»+ RNCO ——+ RNH, + 00, 


The Gapater synthesis of primary aliphatic amines has found application 
in the synthesis of the higher homologs". 77. %, 7%, The N-alkylphthalimide 
prepared from the alkyl halide and potassium plithalimide is hydrolyzed 
to yield the primary amine and phthalic acid. 


CO, 


RBr + | | | ———» RNH, + Loon 
co \co’ 


(+ KBr) 


A number of procedures which depend upon the reduction of other 
nitrogen-containing fatty-acid derivatives have been employed in the prepara- 
tion of the amines. Included are reduction of aldoximes™.®. This method 
is of course limited according to the availability of the aldehyde. Catalytic 


hydrogenation of amides yields mixtures of primary and secondary amines"™, 
Reduction of nitroalkanes has also been employed in the preparation of 
primary amines *®, 


Primary amines in which the amino group is located in other than a 


terminal position have been prepared by the catalytic 1ydrogenation of 
hetones in the presence of ammonia", 


H, 
R,C—O + NH, R,CHNH, + H,0 


Amines of this type may also be obtained by the reaction of ketones with 
formic acid and ammonium carbonate or formamide'*® 8, The latter reaction 


has also been applied t-. alkyl aryl ketones™, 


C,H, + NHOOCH >CHNHCHO + H,0 >CHNH, + HO0,H 


Nitrile reduction is the most important process for the production of 
high-molecular-weight primary amines. This reduction may be accomplished 
by catalytic hydrogenation or by the use of sodium and an alcohol. The 
latter process™. ©. *¢ has the advantage that no secondary or tertiary amines 
are produced. It is also advantageous in the preparation of unsaturated 
amines’. #7, An improved procedure®? has been reported which avoids the 
use of a large excess of sodiura. Lithium aluminium hydride has also been 
employed as the reducing agent®™, 


The catalytic hydrogeration of nitriles has been the subject of numerous 
investigations®. Nickel catalysts are usually employed. Catalytie 
hydrogenation of nitriles results in a mixture of primary, secondary, and 
tertiary amines. This reaction is of sufficient importance to justify a discussion 
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of its mechaniem. Tle following reactions are among those which have been 
postulated ™, *, 


Hi, 
N RCH=NH > RCH,NH, 


| 
| (RCH,),NH 


| 


RCHNH, RCHNH, 
| 
NCH,R 
R H, 
H, 


RCE, 


NCH,R 

RCH, 

+ 

NH, 
Various factors influence the proportions of primary, secondary, and tertiary 
amines formed. The tendency toward higher alkylation of the nitrogen 
atom decreases with increasing chain length and increases with increasing 


temperature. Primary-amine formation is favoured if the hydrogenation is 
conducted in the presence of ammonia‘.®, It is evident from the above 
equations that the presence of a high partial pressure of ammonia will favour 


addition of ammonia rather than of primary amine to the aldimine and wil! 
lead to primary-amine formation. Hydrogenation under alkaline conditions 
also results in increased formation of primary amines 

taney nickel catalyst is employed in the commercial production? of 
higher aliphatic primary amines. It is prepared by treatmont of Raney 
aluminiam-nickel alloy with aqueous sodium hydroxide until the aluminium 
is completely dissolved. Following removal of the caustic solution the catalyst 
is thoroughly washed with water. A procedure for the preparation of highly 


Commercially the hydregenation is carried out at about 150°, under 
200 1b per in.* hydrogen pressure, and in the presence of the nickel catalyst. 
Yields of about 85% of primary amine are obtained. 

A process which was applied on a semi-commercial scale in Germany about 
ten years ago involved the simultaneous formation of nitrile and hydrogena- 
tion to amine™. Fatty acid, ammonia, and hydrogen were passed in the 
vapour phase ever a nickel molybdenum sulphide catalyst. High yields 
of saiuraicd primary amines were reported. 

Saturated high-molecular-weight primary amines containing an even 
number of carbon atoms (six to cightcen) in the chain are commercially 
available in a purity of approximately 90%%*. Other primary amines are 
offered which are derived from the fatty-acid mixtures occurring in natural 
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fats and oils. These include tallow (and hydrogenated tallow), coconut oil, 
soya-bean oil, and tall oil. The last consists of a mixture of unsatureted fatty 
acids and resin acids. 

A large portion of the higher aliphatic amines produced commercially 
are marketed as the acetic acid salts. The preparation of the alkylammonium 
acetates is accomplished by pumping Loth the amine and the acetic acid 
into a mixing tank with proportioning pumps. The temperature in the mixing 
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tank is controlled, since excessive temperatures result in dehydration to the 
substituted acetamide. 

Pure fatty amines derived from the pvre fatty acids are liquids or low- 
melting solids with melting points lying between those of the corresponding 
nitriles and the fatty acids. Boilny points of the amines on the other hand 
are lower than those of either the nitriles or the acids. Physical constants 
of saturated higher aliphatic amines and their acetates are given in Table 4. 
Vapour-pressure curves are given in Fig. 3. 


Table 4—Physical constants of higher aliphatic amines and their acetatzs 


Amine P.P. 


Hexyl 

Octy! . 
0.8 
63-5 69-5 
Tetradecyl ..... 743 760 


Hexadecyl 80-0-81-5 
Octwlecy! .... 840-850 


= 

| 

| 
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Solubility behaviour of the higher aliphatic amines in watcr®? and in a variety 
of organic solvents® has been reported. Solubilities in a number of the 
latter at 30° are shown in Table 5. 


Table 5—-Solubilities of primary amines 
(Grams per 100g solvent at 30°) 


Kthyl ether Acetone | 95% Ethanol 


Decyl 
oo 
Tetradecyl 3 228 660 
Hexadecyl 4-2 
Octadecrt é 2: <01 


oO 


Yonization constants for the higher aliphatic primary amines are given in 
Table 6%. 

Much of the interest in high-molecular-weight primary amines centres 
around the unique properties of their salts. In aqueous solution these salts 
behave as colloidal electrolytes and ex- 
hibit surface activity to a very marked 
degree. This surface ectivity is the 
result of & molecular configuration 
comprising a long hydrophobic hydro- 
carbon chain terminating in a hydro- 
philic polar group The polar group 
carries a pesitive charge, as contrasted 


7 G—Ionization constants of 
primary amines 
{water 25°) 


with the soap molecule in which the 


Dodecyl. . . polar group attached to the hydro- 
Tridecyl carbon chain carries a negative charge. 
Cationic surface-active substances are 
Pentadecyl 1 

sometimes referred to as “invert 
Hexadecyl 

Heptadecyl soaps’’. 

tadecyl Solubility studies of primary amine 
psa yt salts in water and various orgenic 

solvents have been reported!™, 20, 108, 
Binary systems of amine salts with water resemble soap-water systems in 
the formation of gels and liquiderystalline phases. 


Almost all fatty acids and their derivatives exhibit the property of poly- 
niorphism (existence of two or more crystalline forms). This property, which 
is the result of variation in the arrangement. of the molecules within the 
crystal ecll, may be reversible (enantiotropic) or irreversible (znonotropic). 
Polymorphism is frequently encountered in solubility studies of higher 
aliphatic amine salts; the ease of obtainment of less stable forms is influenced 
by the nature of the solvent employed. A diagram showing the solubiiity 
of dodecylammonium chloride in benzene is shown in Fig. 4. In this diagram, 
point 7 corresponds to the enantiotropiec transition temperature of the salt, 
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and curves A and B represent the solubility curves of the two enantiotropes. 
The broken curve C represents the solubility curve of the form which is mono- 
tropic with rezpect to the lower-temperature enantiotrope. The break in this 
curve represents a metastable enantiotropie transition point. 


Extensive studies of the properties of aqueous solutions of the salts of 
high-molecular-weight primary amines have been reported. These studies 
usually represent portions of a more comprchensive investigation of the 
solution properties of colloidal electrolytes. Detailed treatment of this 
subject is beyond the scope of the present writing; general references and 
review articles’® should be consulted for a more complete discussion. 


A number of techniques have been applied to the experimental demon- 
stration and measurement of the unique behaviour of surface-active colloidal 
electrolytes including the primary 
amine salts. These techniques include 
studies of electrical conductance, 
transference numbers, csmotic coeffi- 
cients, surface tensicn, viscositv, and 
light scattering. Ali reveal an abrupt 
change in the properties of a solution 
of the colloidal electrolyte as the 
concentration is increased beyond a 
definite critical point. This abrupt Wt % satde 
change is attributed to the formation Solubility of 

ene. 
of molecular aggregates termed mi- 
celles. The concentration at which micelle formation commences is designated 
as the critical concentration or the critical micelle concentration (C.M.C.). The 
critical concentration is influenced by a number of factors such as the length 
of the hydrocarbon chain, the nature of the anion, the presence of added 
electrolytes or other substances, and the temperature. 


Micelles have the ability to incorporate or “solubilize” materials normally 
insoluble in water. This property probably bears some relatioa to the action 
of detergency, although other factors ere also involved. 


Micelle formation is the result of two opposite tendencies on the part 
of the molecule exhibiting this property, the tendency of the hydrocarbon 
chain to leave the solution and of the polar group to remain in solution. The 
micelle is accordingly assumed to be an aggregate in which the hydrocarbon 
chains are oricnted toward the centre. A second manifestation of these 
tendencies is in the behaviour of molecules at the surface of the solution. 
Here the hydrocarbon portion of the molecule is assumed to be oriented 
away from the body of the solution. It is this surface layer which is evidenced 
by a reduction in surface tension. Another manifestation of surface activity 
is observed in the phenomenon of adsorption on solid surfaces. Here the 
polar group is assumed to be attached to the surface by clectrestatic bonds 
with the hydrocarbon chain oriented away from the surface, the result 
being that the surface becomes water repellent. This property is utilized in 
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mineral flctation processes which will be mentioned later. Stili another 
manifestation of surface adsorption lies in the bactericidal activity of surface- 
active materia!s. This property will be discussed more fuily in tke section 
dealing with quaternary ammonium salts. 

Chemically the higher aliphatic amines, like their lower homologs, are 
extremely reactive A number of these reactions are discus el elsewhere 
but will be bricfly mentioned here. Substituted amides (which see) are 
obtained by the reaction of primary amines with acids, acid chlorides, esters, 
or acid anhydrides. Alkylating processes lead to the formation of secondary 
and tertiary amines as well as quaternary ammonium salts (which see). 
Higher alkyl isocyanates (which see) are obtained by the reaction of primary 
amines or their salts with phosgene. 

Primary amines react readily with carbon dioxide to form alkylammonium 
alkylearbamates. This reaction is reversed at temperatures of $0°-1v0° 
104, cf, 122, 

2 RNH, + CO, > RNHCOH-H,NR 

q 

Reaction of primary amines with potassium cyanate’® or with nitrourea 
leads to the formation of monoalkylureas'® which in turn may be converted 
to barbituric acid derivatives by reaction with alkyl malonic esters. Carbon 
disulphide reacts with primary amines to form the alkylammonium alkyl- 
dithiocarbamates'’, which on hecting lose hydrogen sulphide to form sym- 
metrical dialkylthioureas 1, 


2 RNH, 4. CS, > RNHCSH-H,NR (RNH),C=S + H,S 
At high dilutions and in the presence of heavy metal salts the alkylammo- 
nium alkyldithiocarbamates decompose to form alkyl isothiocyanates®: 
RNHCSH- H,NR -> RNCS + H,S + RNH, 


8 


Reaction of higher aliphatic primary amines with nitrous acid leads to 
the formation of mixtures of aleohols and olefias together with small amounts 
of other products! Olefins are produced as by-products. Higher alkyl- 
guanidines ere obtained by the reaction of primary amines with alkyliso- 
thiourea salts'*_ 

RNH, + NH,C(=NH)SR’- HX RNHC(—NH)NH,- HX + R’SH 


Monoalkylammonium chlorides react with formaldehyde and 2-methylfuran 
to forra the alkyl-5-methylfurfurylamine salt, 


' 
RNH,- HCl + CH,O + -» RNHCH CH,: HCI 


I 


Pyrolysis of the salts or primary amines leads to the formation of olefins!®, 
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High-molecular-weight amines form double salts with heavy metals", &, 11, 
These amines also form coordination complexes with salts of the heavy 
metals'™., Studies of the system octadecylamine-acetic acid have demon- 
strated the existence of two salts, C,,11,,NIH,+ HC,H,O, and C,,H,,NH,- 
2HC,H,O,"™*. 

The amines derived from higher fatty acids are important as starting 
materiais for the synthesis of a variety of industrial chemicals which include 
synthetic detergents, wetting agents, germicides, and oil additives. These 
amines or their salts are in theinselves finding application in many fields. 
Most prominent is the ficld of mineral flotation in which the salts, primarily 
the acetate, are employed. In the froth-flotation separation of calcium 
phosphate from silica by means of amine salts, it is the siliceous material 
which flcats"’. Alkylammonium acetates as well as the chlorides are also 
employed in the flotation separation of potassium chloride (sylvite) from 
sodium chloride (halite)™* 

The higher aliphatic amines are employed in the rubber industry in 
the reclaiming of rubber; they also act as mould-release agents, extrusion 
lubricants aud scorch-preventives in the compounding of butyl rubber. In 
the coating industry the amines are applied as grinding, softening, and dis- 
persing agents for pigments and for improving adhesion to damp or rusty 
surfaces. Other uses for the amincs are as additives to asphalt tiles, caulking 
compounds, metal cleaners, cutting oils, slushing compounds, lubricating 
oils, and ccrrosion inhibitors. 


The higher amine salts impart anti-static propertics to surfaces and are 
applied for this purpose to plastics, textiles, and printing rollers. The saits are 
also used as paint additives in order to enhance adhesion to damp or corroded 
surfaces. Fatty-acid salts of amines are used as anti-strip additives for 
asphalt in the preparation of coated agglomerates for road construction. 
The amine salts are also applied as colour-flushing agents, in rubber compound- 
ing, and as germicides and fungicides. 


Secondary amines (R,NH) 
Secondary amines may be classified as symmetricel or unsymmetrical, 
depending upon whether the substituent groups are identical. Obviously a 
wide varicty of higher aliphatic secondary amines is possible; methods of 
synthesis depend upon the ead product desired. Almost all important 
procedures for the preparation of secondary amines depend upon the alkyla- 
tion of a primary amine. Severai of these methods have been suggested in 
the previcus discussion of primary amines. 

Reaction of primary amines with alkyl halides has been widely used as 
a method for the preparation of secondary ainines. Although this procedure 
leads to the formation of mixtures, it is reasonably satisfactory where higher 
alkyl] halides and lower primary amines are employed®. "5, Tf the lower 
primary amine is replaced by ammonia, symmetrical higher aliphatic secondary 
amines are produced®, Processes of reductive alkylation usually 
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involving a carbonyl compound and an amine or ammonia, although widely 
used, have not been extensively applicd to the higher aliphatic derivatives™."8, 
A procedure which is specific for secondary amines has been reported™*. 
This process involves addition of benzaldehyde to a primary amine, reduction 
of the aldimine to the benzylalkylamine, and alkylation of the latter to 
yield the dialkylbenzylamine, followed by removal of the benzyl group by 
catalytic hydrogenolysis. 


RX 
RNH, + C,H,CHO RN=CHC,H,(+ 11,0) > RNHCH,CH, —— > RRNCH,CH, 
ava 


H, 
(+ NuX + H,O) ——+ RR’NH + C,H,CH, 


Procedures which depend upon the reduction of other nitrogen-containing 
fatty-acid derivatives and which preduce secondary and tertiary amines 
as well as primary amines have been mentioned in the discussion of the latter 
(p- 136). 

Preparation of unsymmetrical higher aliphatie secondary amines by 
the reaction of higher aliphatic alcohols with primary amines in the presence 
of hydrogen and a hydrogenating catalyst has been reported™. 


ROH + R’NH, RR’NH + H,O 


Higher aliphatic alkylarylamines are prepared by the reaction of alkyl 
halides with aromatic amines. Reaction of an alkyl bromide with sodio- 
acetanilide has also been employed. Following the condensation the acetyl 
group is removed by hydrolysis’. 


H.O 
RBr + C,H,N(Na)COCH, C,H,N(R)COCH,( + NaBr) ©,H,NHR + CH,CO,H 


When heated in the presence of cobalt catalysts N-alkylanilines rearrange 
to vield p-alkylanilines, 
RNHC,H, RCH NH, 

Symmetrical higher aliphatic secondary amines are most readily prepared 
by catalytic hydrogenation involving the corresponding nitrile" or by 
heating the primary amine in the presence of nickel catalyst!**.'*3, The 
mechanism of these reactions has beer discussed previously (p. 138). Formation 
of secondary amines from primary amines may proceed through the initial 
dehydrogenatien of the primary amine to the aldimine. 

Commercial production of secondary amines is accomplished by hydro- 
genation of the nitr'!e at temperatures (200°-250°) above those used in the 
preparation of primary amines*. ?*, The ammonia which forms as a by- 
product is continuously removed. 


Symmetrical higher aliphatic secondary amines above the dioctyl com- 
pound are solids at room temperature, Freezing point and solubility data 
are given in Table 7 !%3, 
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Table 7—Physical corstants of secondary amines 


(oreme ner £009 at 


Ethyl ether | Acetone 98% Ethanol 


Renze zene 


. 
Didodecy] (a) 
(A) 
Ditetradecyl 
Dioctadecy] . . . . 


32:5 18 
<0-1 


Dioctyl . co 


Jonization constants for the symmetrical higher aliphatic secondary amines 
are given in Table $®. Secondary amines below ditetradecyi exhibit peculiar 
polymorphic behaviour™=, 


Chemically the higher aliphatic secondary amines undergo most of the 
earctions discussed under Primary Amines. Since secondary amines possess 
only one amino hydrogen, several reac- 
tions are peculiar to these compounds. 
Reaction with nitrous acid yields nitroso 
amines", 

R,NH + HNO, + R,NNO + 3,0 


Table 8—Ionizction constants of 
secondary amines 
(water 25°) 


Amine 
Dioctyl . . . 
Oxidation of secondary amineswith hy- Did i 1 
JIGOC ecy 
drogen peroxide leads to the formation pit ridecy] 


of dialkylhydroxylamines™*. Dipentadecyl 


R,NH + [0]-+ R,NOH Dioctadecyl . 


Salts of dialkyldithiocarbamates are produced by the reaction of secondary 


amines with carbon disulphide, 
2R,NH CS, > R,NCSH- HNR, 


8 


Alkylation of secondary amines leads to the formation of tertiary amines 
or quaternary ammonium salts (which see). The major use for higher 


aliphatic secondary amines is in the production of the quaternary ainmo- 
nium salts, 


Tertiary amines (R,N) 
Higher aliphatic tertiary amines also may be classified as symmetrical or 
unsymmetrical depending upon the identity of the alkyl groups. Many of 
the procedures which have been mentioned in connection with the preparation 
of primary and secondary amines also lead to the formation of tertiary amines, 
Only those methods which have found useful application will be discussed 
here, 

Although it has been indicated that catalytic hydrogenation of nitriles 
leads to the formation of tertiary amines (p. 137), this procedure is not suit- 
able for the preparation of the higher aliphatic homologs. These tertiary 
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amines are best prepared by the reaction of the secondary amines with alkyl 
halides 1%, 


R,NH + + NaOH R,R'‘N + NaX + H,O 


A similar process may be applied to the preparation of unsymmetrical! tertiary 


amines *, 85, 105, 

Tertiary amines are commercially important as intermediates for the 
synthesis of quaternary ammonium salts, particularly those salts containing 
one long alkyl chain and two short alkyl chains (usually methyl or ethyl) 
and frequently with benzyl as the fourth group. 

Three different processes have been applied to the commercial production 
of dimethylalkylamines, each utilizing different starting materials. Treatment 
of dimethylamine with higher alky! halides results in gocd yields of tertiary 
amines * *, A second related vrecess involves the treatment of a higher 
aliphatic alcohol with dimethylamine at elevated temperatures in the 
presence of a dehydrating catalyst?”. This process is disadvantageous in 
that the tertiary amine is separated with difficulty from unreacted alcohol. 
Primary amines may be converted to tertiary amines by treatment with 


formic acid and formaldehyde™. 


RNH, + 2CH,O + 2HCO,H -- RN(CH,), + 200, + 2H,0 


Although this process produces only fair yields cf tertiary «mines (about 
$0°%), the product after distillation is not contaminated with primary or 
secondary amines. This process can also be applied to the methylation of 


secondary amines. 

A scries of tertiary amines which promises to be of considerable com- 
mercial importance is obtained by the reaction of higher aliphatic primary 
amines with ethylene oxide* 


-_-(CH,CH,0),H 
RNH, + (z -> 


A range of commercial products is available in which z + y has values as 
high as 50. Increasing the length of the polyoxyethylene chains has the 
effect of increasing water solubility and decreasing the basicity of the nitrogen 
atom. Where xz and y are equa! to on> the product, a bis(hydroxyethyl)- 
alkylamine, may be dehydrated to yield an N-alkylmorpholine'™, a cyclic 
tertiary amine. 


_CH.CH,OH ,._CH,CH 


RN 


A variety of tertiary amines which have been derived from fatty acids 
and which are intermediates i> the synthesis of quaternary 6mmoniurm salts 
will be mentioned in the section dealing with these salts. 

Higher aliphatic tertiary amines containing three long aliphatic chains 
aro lower melting than the secondary amines containing alkyl chains of the 
same length. Solubilities of symmetrical tertiary amines in a variety of 
solvents have been reported’, Freezing points together witn solubility 
data in several solvents at 30° are given in Table 9. 
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Table 9—Physical constants of tertiary amines 


| | Solubilities (grams per 190g solvent at 30°) 
Benzene Ethylether | Acetone 95% 
—H6 oo oo 3-7* | 0-6* 
Tridodecyl ..... 15-7 oo oo 2-2 0-7 
Trioct adecyl 


* Solubility at 0° 


Having no reactive hydrogen on the nitrogen atom, tertiary amines are 
not subject to many of the reactions which primary and secondary amines 
undergo. Aside from their conversion to quaternary ammonium compounds 
which will be discussed subsequently, oxidation of the higher aliphatic 
tertiary amines is probably their most important reaction. This oxidation 
may be accomplished by means of hydrogen peroxide, Caro’s acid or ozone 
and results in the formation of amine oxides RsNO‘**. 133. The amine oxides 
are weak bases which form salts that are struct™:rally similar to the quaternary 
ammonium salts. Higher aliphatic amine oxides have been described as 
detergents and as wetting agents for the treatment of textiles. Amine oaides 
or their salts do not possess the high germicidal activity of the quaternary 


ammonium salts. 


Quaternary ammonium compounds (RyNX) 
Although higher alkyl quaternary ammonium salts were first described ia 
1SS9 85, they have assumed a position of commercial importance only recently. 
This has largely been the result. of the utilization of these compounds as 
germicides and as surface-active agents in the textile field. 

Quaternary ammonium compounds are ammonium compounds in which 
the four hydrogen atoms on the nitrogen have been replaced by other groups. 
Associated with the cationic quaternary ammonium ion is an anion, usually 
halide or methosulphate. 

Procedures for the preparation of quaternary ammonium salts depend 
upon ihe alkylation of amines. Variovs processes will be discussed with 
emphasis on those which are being applied commerciaily. Selection of a 
process is determined by the nature of the product desired. 

Perhaps the simplest process for the preparation of quaternary ammonium 
salts consists of the alkylation of a tertiary amine. 


R,N + RX -> R,NX 


This process was applied in the earliest preparation of a higher aliphatic 
quaternary ammonium salt, tricthy!hexadecylimmonium iodide from diethyl- 
hexadecylamine and ethyl iodide. The same product may be obtained 
from tricthylamine and hexadecyl iodide’, It is obvious that the above 
general method makes possible the synthesis of quaternary ammonium 
salts with varied substituents. It is the basis for the commercial production 
of dimethylbenzy!alkylammoniuin chlorides from dimethylalkylamines and 
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benzyi chloride’. Quaternary ammonium salts containing two long aliphatic 
chains have been prepared from the corresponding methyldialkylamines™, 
Numerous other examples of this procedure cre to be found in the literature. 

A second procedure for the preparation of quaternary ammoniua. salts 
involves the complete alkylation of a primary amine. Since in this process 
three moles of alkylating agent are used for cach mole of amine, a base is 
required te neutralize the acid formed in the reaction, 


KNH, + 3RX +2 MOH + R,NX + 2MX + 2H,0 


This process was first uscd in the preparation of trimethyloctylammonium 
iodide? and is now applicd commercially in the production of trimethyl- 
alkylammonium chlorides! *. The high-molecular-weight primary amine is 
reacted with methyl chloride in the presence of water or an organic solvent 
such as isopropyl alcohol. Sodium hydroxide is added to neutralize the 
acid produced. The reaction is carried out in « stainless-steel autoclave 
provided with agitation. When the reaction is performed in an organic 
solvent the by-product sodium chloride is removed by filtration. A similar 
process is employed in the conversion of symmetrical higher aliphatic second- 
ary amines to dimethyldialkylammonium chlorides. 

Another procedure which is available for the conversion of tertiary 
amines to quaternary ammonium hydroxides involves their treatment with 
alkylene uxides such as ethylene oxide in the presence of water™. 


R,N + CI H,0 [R,NC,H,OHJOH 


This process has not been extensively employed. Amine salts when treated 
with ethylene oxide react to produce the tris(hydroxyethyl)alkylammonium 
salt}, 

RNH,X +3C,H,O + RN(C,H,OH),X 
Secondary and tertiary amine salts undergo a similar reaction. 

The alkylation of tertiary amines is a bimolecular substitution reaction 
which has been extensively studied among the lower homologs. The rate 
of this reaction is dependent upon a number ef factors which will be mentioned 
without detailed discussion. In the n-aliphatic series the reacticn rate of 
the alkyl halide decreases with increase in chain length, a very pronounced 
decrease being observed in going from methyl to ethyl derivatives. Reactivity 
of halides is in the order Cl < Br <I. Steric etfects as well as the base strength 
of the tertiary amine influence the reaction rate. Solvents exert a decided 
effect upon the velocity cf the reaction, which is greatly increased in the 
presence of strongly polar celvents such as methanol, nitromethane, and 
nitrobenzene. Optimum tcmperatures for quaternary salt formation vary 
according to the reactants involved®, The influence of pressure upon the 
rate of formation of hexadecylpyridinium halides has been studied. 

A number of types of higher aliphatic quaternary ammonium aaits are 
commercially available in addition to those mentioned above. These include 

alkylpyridinium salts (RN Sie). alkylenedimethylethylammonium bro- 
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mides ({R(CH,), CH=CH(CH,), N(CH;),C,H,]Br), alkylisoquinolinium salts 


and N(acylcolaminoformylmethyl)pyridiniuia chlorides 


VAN 


RCOCH,CH,N N as well as others. 


L 

In addition to the commercially available quaternary ammonium salts 
a large number of other types have been reported, largely in the patent 
literature. Although specific mention of all these types will not be attempted, 
typical examples will be included. Quaternary salts containing methallyl™, 
phenyl™, chloro- and nitrobenzyl'**, and naphthyl" groups attached to 
the nitrogen atom have been reported. Various higher alky! quaternary 
ammonium salts have beer described in which the nitrogen atom is contained 
in a heterocyclic ring. In addition to the pyridinium’. ™! and isoquino- 
linium' sa'ts mentioned above, benzotriazolium', quinolinium™*. 
nicotinium™’, piperidinium™’, dipiperidinium'™’, morpholinium™®, and di- 
morpholinium!™ salts have been synthesized. 

Besides the types listed thus far many other quaternary ammonium 
salts containing higher aliphatic chains in the molecule, though not neces- 
sarily linked to the nitrogen atom, have been reported. Examples of these 
include dodecoxyquinolinium methosulphates*™, N-(stcaramidomethyl!)pyri- 
dinium salts”, chlorides", 
and acylated quaternized polymethylenediamines (RCONH(CH,), N(CH,), 
CH,C,H, - Cl)**, to mention but a few. 

Pure anhydrous quaternary ammonium salts are usually obtained as 
white crystalline solids, although those containing unsaturated higher alkyl 
chains or benzyl groups are frequently viscous syrups. Meltiag points of 
higher aliphatic quaternary ammonium salts are usually relatively high. 
Melting is frequently accompanied by decomposition, and accordingly melting 
points are not always rcliavle criteria of purity. 

Solubility studies of higher aliphatic quaternary ammonium salts in 
organic solvents'"** have revealed certain unusual characteristics of these 
substances. The trimethyl bigher alkyl quaternary ammonium chlorides 
are very soiuble in polar solvents and but slightly soluvle in non-polar solvents. 
Exceptions in the case of the latter are chloroform and carbon tetrachloride 
in which these salts are appreciably soluble. Quaternary ammonium salts 
containing two higher aliphatic chains (12 carbon atoms and above) are 
soluble in both polar and non-polar solvents. These compounds are the basis 
for the commercial oil-soluble quaternary ammonium salts. Table 10 shows 
the solubility characteristics of some quaternary ammonium salts, 

Higher aliphatic quaternary ammonium salts are incompatible with 
anionic surface-active agents. ‘This incompatibility is believed to be due 
to the combination of the two surface-active ions with the formation of an 
insoluble salt. The solubilities of the quaternary ammonium salts of @ serics 
of fatty acids have been estimated by conductance methods'*’, This study 
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Table 10—Solubilitics of quaternary ammonium selts 
(Grams per 100 g colvent) 


Higher Ca 
alkyl Hezane | Benzene | Acelo 


<0-2 (95°) |<0-5 (95°) | 1-21 (30°) | 2-88 (30°) | 226-6 (30% 
| 102 5°) | 41-75 (50°) | 

3-0 (60°) 0-4 (55°) | 0-50 (50°) 122-8 (390°) | 


| 36-2 (65°) | 0-76 (56-5°) 


| 
| 


Dioctyl . 

Didecyl . . . | i 17-6 (—3°)) 

Didodecyl . 4-16 (31°) | 39-5 (10°) (20°) | 312-3 (—19°) 
186 (34°) 

Ditetradecyl . | 3-1 (42°) | 78-5 (30°) | 53-8 ° 6 (30°) | 
(44°) ‘5 (40°) | 

Dihexadecy] . 5-2 (52°) 1-0 (30°) | 12-9 3-1 (40°) | 

(54°) | 85-5 (40°) 2-3 (50°) 
Octyldodecyl . | insol 8 (—3*); 


* Remaining groups are methyl. 


demonstrated the decrease in solubility of the salt with increase in the chain 
length of the fatty acid. 

Comparative studies of the solubility of dodecylammoniem chloride 
and its N-methyl derivatives (methyl-, dimethyl-, and trimethyldodecyl- 


ammonium chlorides) in a number of organic solvents’® and in water! 
have demonstrated the qualitative similarity of the primary and secondary 
salts and of the tertiary and quaternary ammonium salts. The latter pair 
are more soluble in pelar solvents and the former in non-polar solvents. 
The aqueous systems of the four salts undergo the formation of gels and 
liquid-crystalline phases. In Fig. 5 is shown a diagram for the system tri- 
methyldodecylammonium vhloride-water. This diagram has been simplified 
and the curves representing the unstable polymorph kave been omitted. 
The curves AEBC represent the true liquidus; A is the freezing point of 
water, E is the eutectic (water plus hydrate of the quaternary ammonium 
salt), Bis the incongruent melting point of the hydrate, and C is the melting 
point of the anhydrous salt. Region S is isotropic liquid, region @ is an 
isotropic gel, and regions Mf and MM’ are liquid-crystalline phases. For a 
more complete discussion of this diagram the original reference’? should 
be consulted. 

Like the primary amine salts the quaternary ammonium saks are collcidal 
electrolytes anc exhibit the property of micelle formation (see p. 141). Con- 
ductance studies on solutions of the four salis listed abeve™* have shown 
the critical concentration for micelle formation of the primary- and secondary- 
amine salts to be 0-0146 N, for the tertiary amine sult. te be O-O161 NW and 
for the quaternary ammonium sali to be distinctly higher, @€228 N, 

Conductance studies of solutions of quaternary ammonivia salts con- 
taining two long eliphatic chains'* have revealed an unusua! character- 
istic of the dimethyldidodecyl compound in that the equivalent conductance 


95% : 
| Ethanol 
| Dodecyl. . . 
Octadecyl 82-9 (30°) 
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abruptly rises veyond the critical point rather than falling as is usually the 
ease. This behaviour has been observed in ceriain other instances’ and 
is attributed to the formation of highly condweting ionic micelles. 


Quaternary ammonium hydroxides cre extremely strong bases. The 
higher aliphatic compounds may be obtained yy treatment of an alcoholic 
solution of the chloride with sodium hydroxide followed by removal of sodium 
chloride by filtration. Attempts to isolate the free quaternary ammonium 
base result in spontaneous decomposition™. 


The thermal decomposition of quaternary ammonium compounds (the 
salts, the hydroxides, and the alkoxides) has }cen studied extensively among 
the lower homologs. This decompo- 
sition proceeds in two waye as in- 
dicated by the following reactions 

CH=CH, + + HX 
+ RX 
where R may represent similar or 
dissimilar groups and X any anion. 
Either of these reactions may proceed 
by a tirst- or second-order mecha- 
nism!**, The course of the decom- 
position of a specific compound as 
well as the temperature at which 
the reaction begins is deterrained by . 
the nature of the substituent 
groups. Studies of the decomposition Bae L 
of trimethyldecylammonium hydr- 
oxide’ and of methyloctylpiperidi- trimethyldode cylammonium 
nium hydroxide ard lower homo- «ldoride-water, 
logs'** have been reported. 

Higher aliphatic quaternary cations react with various anionic indicator 
dyes (sulphonphthalein, bromophenol blue, bromoihymel blue, tetrabromo- 
fluorescein) to form distinctively coloured products. This reaction is the 
basis for a number of analytical procedures for the quantitative estimation 
of quaternary ammonium salts. The colewr of the quaternarydye complex 
serves as an indicator in the titration of the quaternary sult with a standardized 
solution of an anionic surface-active substance (sodium alkyl sulphate)!*, 
A second procedure depends upon the extraction of the quaternarydye 
complex with an organic solvent followed by measurement of the colour 
intensity with a photoelectric colorimeter™. Modifications of the above 
tests as well as a number of others have been reported. Indicator papers 
are avcilable which are useful in the estimation of quaternary-ammonium. 
salt concentrations within certain narrow ranges. At best the chemical 
methods for the analysis of quaternary-emamumium-salt <clu(ions give reliable 
results only in the hands of an experienced analyst and under carefully 
contrelled ecnditions. 
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The bactericidal activity of quaternary ammonium compounds was 
first observed in a series of hexamethylenetetrammeonium salts**!, This 
series of compounds did not contain higher aliphatic chains. In 1935 the 
bactericidal activity of a series of quaternary ammonium salts containing 
at least one higher aliphatic chain (cight to eighteen carbon atoms) was 
reported !55. 165, The demonstration of high bactericidal activity in the Jong- 
chain aliphatic quaternary ammonium salts was followed by the synthesis 
and evaluation of a large number of such compounds. Probably without 
exception these compounds exhibit germicidal activity to some degree. 
Considerable work has been directed toward the understanding of the factors 
which influence the activity of these compounds. Although much remains 
to be learned concerning these factors a few generalizations can be drawn. 
In the series of higher aliphatic quaternary ammonium salts containing three 
short aliphatic groups maximum activity occurs at a chain length of sixteen 
carbon atoms'®, The length of the chain showing maximum activity is 
influenced by other substituent groups as well as by the organism used for 
the test‘4?, Bactericidal activity varies witn the pH and is usually greater 
in alkaline solutions’®. Incompatibility of quaternary ammonium salts 
with anionic surface-active substances, prcbably due to the insoluble product 
of interaction, has been referred to. The activity toward Gram-negative 
organisms of quaternary ammonium salts is materially decreased in the 
presence of concentrations of calcium and magnesium ions such as are found 
in hard water?’. This interfering action of hard water may be overcome 
by the use of trisodium phosphate’®. Interaction of quaternary ammonium 
silts with proteins causes consicerable reduction though nct complete loss 
of bactericidal activity*™. 

The mechanism of the bactericidal activity of surface-active agents has 
been the subject of considerable speculation and is assumed to be related 
to interaction with the protein of the cell membrane or with the enzymes 
involved in the metabolic processes of the organism! Release of phos- 
vhorus- and nitrogen-containing substances by micro-organisms upon treat- 
ment with quaternary ammonium salts and other surface-active agents has 
been observed!”?, Release of electrolytes has also been demonstrated by 
electrical conductance methods when bacterial suspensione are treated with 
higher aliphatic amine or quaternary ammonium salts!%, It is suggested 
that this release may be the result of a defensive mechanism. 

Accurate evaluation of the germicidal activity of chemical agents is 
dependent upon reliable laboratory testing methods, Even the best of 
procedures in current use leaves much to be desired and improvements are 
constantly being sought. 

Numerous studies relating to the pharmacology and toxicology of higher 
aliphatie quaternary ammonium salts have been reported. Experimental 
animals have been found to tolerate 5% aguevus solutions es the sole 
source of liquids and 0-3% in the diet. Sabcutancous injections of 1-2 ce 
per kg of body weight of a 10% solution and intraperitoncal injections of 
a dilute solution daily for a period of three months were tolerated! !74, 
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Concentrations of quaternary ammonium salts which are non-irritating to 
mucovs membranes are effective as germicides™®, 

The extent of the practical application of quateinary ammonium salts 
is indicated by the United States Tariff Commission estimate of a total 
consumption of 2-5 million pounds for the year 1950. For details of the 
many applications of quaternary ammonium salts general references should 
be consulted. The following will serve to suggest the variety of these applica- 
tions. 

The germicidal and fungicidal properties of quaternary ammonium salts 
are utilized in numerous ways. Surgical uses include skin, tissue, and instru- 
ment sterilization as well as operating-room clean-up. Tissue applications 
have included wound irrigation as well as uscs in urology, obstetrics and 
gynaecology, ophthalmology, otology, oralogy, and dermatology. Aerosols 
containing guaternary ammonium salts have been employed in the treat- 
ment of respiratory infections. 

Quaternary ammonium salts are widely used as sanitizing agents, either 
alone or in combination with detergents (non-ionic or inorganic), for eating 
utensils and in dairies, egg-breaking plants, and other food industries. They 
are effective in the preservation of food products, although this use is not 
approved by the United States Food and Drug Administration. Addition 
of quaternary ammonium salts to poultry driakingwater has successfully 
controlled diseases which are transmitted through this medium. The salts 
are also effective in the treatment of giil disease in trout. An unusual applica- 
tion of the germicidal activity of quaternary ammonium salis is in the second- 
ary recovery of oil. Organisms present in oil-bearing strata liberate sulphur- 
containing gases whick seriously corrode steel tubing. These organisms are 
controlled by the use of cationic germicidal agents. Quaternary ammonium 
salts are also employed in the production of antibiotics by fermentation. 

A second important application of higher aliphatic quaternary ammonium 
salts which depends upon their surface activity is in the textile industry. 
Here they are employed both as wetting agents in dye baths and as finishing 
egents. They are eubstantive to cotton and impart softness to this fabric. 
These salts are also used in oiling fibres and as antistatic agents in spinning. 
Use of quaternary ammonivm salts in laundries is advantageous in that 
both the germicidal and the softening effects are desirabie. 

A unique vse for higher aliphatic quaternary ammonium salts containing 
two long chains is in the production of Bentone greases. Alkaline beatonite 
is treated with the quaternary ammonium salt. An interchange of quaternary 
ammonium for sodium ion occurs, leaving the former on the mineral!’6, 
Lubricating greases containing this product are said to undergo little change 
in viscosity over a wide range of temperatures, 


Hydrazines and hydrazonium salts 


A number of the higher aliphatic derivatives of hydraziue have been prepared 
and their properties described!”, The N-alkyl and the N,N-dialky! derivatives 
are prepared by the reaction of the alkyl chloride with anhydrous hydrazine, 
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The proportions of mono- and disubstituted products depend upon the 
emount of excess hydrazine used. 
RC] + 2NH,NH, + RNHNH, + NH,NH,G 
2 RC] 3NH,NH, R,NNH, + 2NH,NH,CI 
Conversion to the hydrazonium salt is accomplished by treatment of the 
higher aiky"hydrazine with a lower alkyl halide (methyl iodide, ethyl indide, 
allyl bromide). This reaction may be accomplished in two steps. 


NaOH 
RNHNH, + CH,I [RNH(CH,)NH,]I ——> RN(CH,)NH, + Nal + H,0 
RN(CH,)NH, + CH,I [RN(CH,),NH,JI 


Like other higher aliphatic quaternary nitrogen compounds the hydrazonium 
salts exhibit the property of bactericidal activity. 


Isoc yanates 
Higher aliphatic isocyanates, RN=-C=O, are compounds cf considerable 
potential value. This is largely the result of the extreme reactivity of this 
class of compounds which makes them excellent reagents for the introduction 
of higher aliphatic radicals into other molecules™. 

Several of the methods which are available for the preparation of iso- 
cyanates have been applied to the higher aliphatic derivatives. Of these, 
the process most suited for large-scale production involves the treatment 
of amines or amine salts with phosgene'’»* The intermediate carbamyl 
chloride is not generally isolated. Modifications of this process have been 
described in which tertiary-amine catalysts are employed'™ or in which phos- 
gene-yielding substances (such as trichloromethyl] chloroformate) are used™, 

RNH, + COCI, - RNHCGOCK(-+ HCl) - RNCO + HCl 
In a re!ated process a higher aliphatic »rethane (RNHCOOR’) is reacted with 


phosgene. The aminephosgene reaction has a!so been applied to higher aliphatic 


compounds in which the amino grovp is not directly linked to the aliphatic 

A second process, the Curtius reaction (p. 137), involves rearrangement 
of the acid azide. This process is expecially useful for the laboratory prep- 
aration of higher aliphatic isocyanates™. 

Isocyanates are also intermediates in the Hormann and Scumipt pro- 
cedures for the preparation of primary amines (p. 136). 

The LosseN rearrangement of hydroxamic acids has been employed in 
the preparation of unsaturated higher aliphatic isocyanates™, An excess 
of acetic anhydride is employed. 

RCONHOH (CH,CO),0 RNCO 2CH,COOH 
If only one equivalent of acctic anhydride is used the N-acetylhydroxamic 
acid is obtained. Treatment of this compound with alkali results in the 
formation of a symmetrical dialkylurea. 
2 RCONHOH 2 (CH,CO),0 2 RCONHOCOCH,(4- CH,COOH) 


k,CO, 


(RNH),CO + 2 KOCOCH, + 2C0, 
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Available physical constants for the higher aliphatic isocyanates are 
limited to boiling points as follows: undecyl, 103°/3 mm; dodecyl, 145°/16 mm; 
heptadecyl, 208°-9°/17 mm; octadecyl, 172°-3°/5 mm; octadecenyl, 181-0° to 
3°5°/4 mm; and mixed hexadecyl-octadecyl, 181°-193°/8 mm. 

Although the higher aliphatie isscyanates probably undergo all the 
reactions charactcristic of the lower homologs™, tew reports of chemical 
investigations involving the compounds are available. One describes the 
preparation of carbamyl fluorides by the reaction of higher aliphatic iso- 
cyanates with hydrogen fluoride’. Other reactions have been described 
in connection with various use applications of higher isocyanates. These 
include the reaction with alkylene inmnines™* to produce medicinal cosmetics, 
waterproofing of textiles", and the waterproofing of proteinaceous materials™, 


Higher aliphatic isocyanates have been offered in limited commercial 


quantities but have not found extensive application to date. 


HORUS AND ARSENIC DERIVATIVES 


By reason of their similarity to the nitrogen analogs, higher aliphatic phos- 
pkorus and arsenic derivatives are of some interest. Work on these substances 
has not been extensive although a variety have been described. Preparative 
procedures are, in general, analogous to those employed with the nitrogen 


derivatives. Selts of the higher aikyl phosphonium and arsonium compounds 


exhibit bactericidal and fungicidal activity. This activity in general follows 
the order As> P>N. 


Acip CHLORIDES 
One of the principal means of iatroducing higher aliphatie acyl groups into 
other molecules is through the use of fatty-acid chlorides, RCOCI. In fact, 
the reactivity of these compounds is such that they are of importance only 
as chemical intermediates. 

Fatty-acid chlorides are readily prepared from fatty acids or their sodium 
salts by treatment with chlorinating agents, usually inorganic chlorides or 
oxychlorides. One cf the first reagents employed was phosphorus penta- 
chloride, which was used in the preparation of a number of saturated fatty- 


acid chlorides™. 
RCOOH 4. PC!, + RCOCI + POCI, 4- HCl 


This same reagent can also be applied to unsaturated fatty acids’, In 
practice the fatty acid and phosphorus pentachleride are used in equimolecular 
amounts and the phosphorus oxychloride is removed under reduced pressure. 

Thiony! chloride is frequently employed in the preparation of acid chlorides, 
with the advantage that the by-products of the reaction are more volatile. 
This method has been successfully applied to both saturated and unsaturated 
fatty acids™,%2, Purification of the thionyl chloride is said to result in 
improved yields of the acid chloride™*, 


RCOOM + SOCI, RCOCI SO, HCl 
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Acid chlorides may be produced from fatty acids by treatment in the 
liquid phase with phosgene™*. This reagent also has the advantage that 
the by-products are highly volatile. 


RCOOH + COCI, RCOC] + CO, + HCl 


Oxalyl chloride is an effective reagent for the conversion of fatty acids 
to acid chlorides. It is especially useful with unsaturated fatty acids™, 


RCOOH + (COCI), + RCOCI + CO, + CO + HCI 


Probably the most useful reagent in the preparation of acid chlorides 
is phosphorus trichloride. It is especially advantageous in that all three 
chlorine atoms are available. This method has been applied to laboratory 
preparations?»™ and is the basis for the commercial production of oleoyl 


chloride’. 
3 RCOCH + PCI, + 2 RCOCI + H,PO, 


Commercially this reaction is carried out in jacketed lead-lined kettles 
equipped with agitators. The fatty acid is charged into the kettle and the 
phosphorus trichloride (60% 
excess) added over a period of 
time while cooling water is 

Acid chloride | FPS B.Ponm circulated through the jacket. 
Aiter all has been added the 


Table 1J—Physical constants of fatty- 


acid chlorides 


83,, tereperature is raised to 50-52° 


10€-105, and held there until the reac- 


Myristoyl | tion is completed. The product 
Paimitoyl ‘ | 192-545 is transferred to lead-lined, 
Stearoy! | | 198-200,, cone-shaped tanks and after 
Oleoyl | 158-1599; standing overnight the by- 
product phosphorous acid is 

drawn off. The excess phos- 
pkorus trichloride remains in the acid chloride. If the product is used in 
the manufacture of a detergent the phosphorus trichloride is converted to 
a phosphite salt. A yield of 91% of the theoretical is obtained. 


Saturated fatty-acid chlorides below stearoyl are liquids at room tem- 
perature. They are soluble in organic solvents but react with those containirg 
replaceable hydrogen atoms. They are insoluble in but readily hydrolyzed 
by water. Some physical constants for the higher fatty-acid chlorides are 
giver. in Table 11. 

Chemically the fatty-acid chlorides are extremely reactive. Their use in 
the preparation of amides (p. 128), substituted amides (p. 130), and secondary 
amides (p. 130) has been discussed. Fatty-acid esters are readily obtained by 
reavtion with an alcohol. Fetty-acid chlorides are also employed in the 
preparation of alkyl aryl ketones (which see) by the Friepri-Crarrs 
reaction, 

Higher aliphatic ketenes have been reported as formed by the treatment 
of acid chlorides with tertiary amines", Thermal decomposition of acid 
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Acid anhydrides 


chlorides results in the loss of hydrogen chloride and the forma.ion of what 
ig believed to Le polymerized ketenes™. Reaction of acid chlorides with 
sodium leads to the formation of esters of unsaturated diols™*, 


2Na 2Na 2RCOCI 
2 RCOC] ——+ RC—CR ——+ RC=CR ——--+ RC-——CR + 2NaCl 


Numerous other applications of acid chlorides in their reaction with amino 
acids, polypeptides, proteins, sugars, and various hydroxy compounds have 
appeared in the literature. A large proportion of the products are described 


as surface-active agents. 


Acip ANHYDRIDES 
Higher aliphatic acid anhydrides, (RCO),O, which are derived from two 
molecules of carboxylic acid by the elimination of water, fall into two classes: 
symmetrical, end unsymmetrical or mixed. Preparation of these substances 
inay be accomplished by several procedures whose choice is largely determined 
by the product desired. 

Symmetrical higher aliphatic anhydrides are readily prepared from the 
acids by treatment with de!.ydrating agents. Among those most comraouly 
used is acetic anhydride which has been applied to both saturated™ and 
unsaturated acids. 


2 RCOOH + (CH,CO),0 -+ (RCO),0 + 2CH,COOH 


In the case of the latter an atmosphere of carbon dioxide is recommended™. 
In carrying out this reaction the mixture of fatty acid and excess acetie 
anhydride is heated under reflux for a period of several hours (four to seven). 
The excess acetic anhydride together with the acetic acid formed in the 
reaction is removed under reduced pressure. Yields above 90% of the theo 
retical are reported. This process might readily be adapted to large-scale 
production. 

Other dehydrating agents which have been employed in the preparation 
of anhydrides of fatty acids include phesphorus pentoxide®? and acetyt 
chloride**, Various other dehydrating procedures have been reported im 
the patent literature. 

Both symmetrical and unsymmetrical®®> anhydrides of the higher 
fatty acids may be prepared by treating a sodium salt with an acid chloride. 
This method is especially useful in the preparation of the unsymmetrical 


compounds, 


RCO,Na + R’COCI -+ (RCO),O + NaCl 


The higher aliphatic anhydrides are high boiling and in general cannot 
be distilled without decomposition even at very low pressures, Melting 
points of the anhydrides lie close to those of the parent ackis, averaging 
slightly above. The following values have been reported: caprytic, 0-9°; 
pelargonic, 148°; capric, 24-7°; undecanoic, 36-7°; lauric, 42-1°; myristie, 
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53-5°; palmitic, 63-9°; stearic, 70-7°; eicosanoic, 77-5-77-7°; docosanoie, 
81-7-8!-9°; 10-undecenoic, 13-0-13-5°; oleic, 22-0-22-2°; elaidic, 46-2-46-4°; 
linoleic, —4° to —3°. Melting points of unsymmetrical anhydrides are as 
follows: caprylic-capric, 16-0°; caproic-lauric, 42-4°; butyric-myristic, 52-77; 
acetic-palmitic, 62-5°. 

Accurate solubility data for the higher aliphatic anhydrides have not 
been repezted although these compounds are said to be soluble in non-polar 
solvents and insoluble in polar solvents. The unsymmetrical anhydrides 
are reported to be soluble in both types of solvents, solution in a polar solvent, 
however, being accompanied by disproportionation of the anhydride, 


Chemically the symmetrical higher aliphatic anhydrides are considerably 
less reactive than their lower homeok gs. Hydrolysis by water at room tem- 
perature is extremely slew. Hydrogenation of anhydrides using palladium 
catalyst in the presence of hydrochloric acid yields polymerized higher 
aliphatic aldehydes tegether with other products*°*, Anhydrides are converted 
to acid chlorides under the conditions and with the reagents used in the 
conversion of the corresponding acids. Upon heating, unsymmetrical an- 
hydrides undergo disproportionation to yicld mixtures of symmetrical an- 


hydrides. 

Higher aliphatic anhydrides have been suggested as waterprofing agents. 
Their utility as acylating agents is limited since for each acy] group introduced 
a molecule of higher fatty acids is produced. 


ALDEHYDES 


Higher aliphatic aldehydes, RCHO, would appear from theoretical con- 
siderations to be compounds with considerable practical potential. The 
highly reactive aldehyde group terminally located on a long aliphatic chain 
ofiers many interesting possibilities. Properties of these aldehydes which | 
have prevented realization of these possibilities will be described in the 


following discussion. 

A number of methods have been developed for the synthesis of the higher 
aldehydes. None is completely satisfactory nor adaptable tc large-scale 
production. Low yields are in part due to the difficulty of separating the 
aldehyde from the starting material or from other products of the reaction. 


One of the oidest methods employed for the preparation of higher aldehydes 
involves the dry distillation of mixtures of the calcium or barium salts of 
fatty acids and formic acid®™. Low yields of products with melting points 
near those of the corresponding acids were obtained. Subsequent investi- 
gations? have shown these products to be polymers of the aldehydes. 
Dodecyl] alcohol has been identified among the products obtained by heating 
barium laurate with bazium formate, 


(RCOO),Ca + (HCOO),Ca 2 RCHO + 2CaCO, 


Thermal decomposition of a-hydroxy acids has been employed in the 
production of aldehydes from the higher fatty acids myristic through stearic 
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Yields of 35 to 50% were reported. This procedure results in the formation 
of an aldchyde containing one less carbon atom than the original acid. 


Br, 
*CH,COOH ——+ RCHBrCOOH HBr) ——+ 


RCHOHCOOH (+ HBr) - RCHO + CO 4- HO 
Several modifications of this procedure have been used, for example de- 

composition of a-acetoxy”!® and a-methoxy*" fatty acids 
Higher aldehydes may be prepared from the corresponding alcohols 
by dehydrogenation procedures. Vapour-phase oxidation in the presence of 
luction of caprylaldchyde** 
and pelargonaldchyde*’, Liquid-phase catalytic dehydrogenation of dodecyl 
alcohol at 250° in the presence of nickel results in a 20%e yield of lauraldchyde*"*, 


silver catalysts has been employed in the pre« 


Preparation of aldehydes from nitriles has been discussed previously 
(p. 135). Although difficulty has been reported in applying this process to 
higher aliphatic nitriles", recent investigations indieate that the failure to 
obtain good yields of higher aldehydes may be the result of the ether solubility 
of the aldimine-stannic chloride complex®. Low-temperature precipitation 
of the complex obtained from !auronitrile followed bw hydrolysis results 
in high yields of lauraldehyde. 

Few precise physical constants are available for the monomeric higher 
aliphatic aldehydes. This is Lecause they undergo polymerization ard cannot 
be retained in the monomeric form for any length of time. Accordingly the 
higher aldehydes are usually isolated and identified im the form of stable 
derivatives such as sodium bisulphite addition compounds, oximes, semi- 
carbazones or dinitrophenylhydrazones. Some physical properties of the 
aldehydes are listed in Table 12. 

‘able 12—Physical constants of aldchydes 


Aldehyde M.P. B Pow Sew 


Capryl .. 65,, 60 
64 
| dev? 69 
Undecyl —4 117,. 72 
ll 103 4, 7 
« 14 156,, 80-5 
Myrist . eee 23-5 15556 106-5 82-5 
Pentadecyl ..... 24-5 1063 86 
192-3. 107 x8 
Heptadecy! . 35-6 203-4, | | 695 
38 108-9 89 


Both dimeric and trimeric forms of the higher aldehydes have been 
reported. The following melting points ave thore of trimeric forms**: C,,, 
61-5°; C,,, 65°5°; C,,, 69-70°; 73°, and C,,, 77-S*_ Dimeric and trimeric 
lauraldchydes have been reported as having the melting points 54-6° and 
101°, respectively*. The necd for further investigation of the polymers 
of the higher aldchydes was suggested. 
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Certain of the higher aldehydes possess fruity or floral odours and are 
employed in the formulation of perfumes. 

Relatively few studies of the reacticns of higher aliphatic aldehydes 
have heen reported. It is, however, probable that these compounds undergo 
all the reactions characteristic of their lower homologs. The tendency to 
form polymers must be considered in chemical studics relating to the higher 
aldehydes since this polymerization competes with other chemical reactions. 
The resulting polymer may be much less reactive than the original aldehyde 
er zen completely unreactive. It has been stated*® that the trimers which 
form upon standing revert te the monomers upon heating and that polymeriza- 
tion is never complete, some monomer always being present. 

Higher aldehydes are readily oxidized by reagents such as potassium 
permanganate in acetone to yield fatty acids**. Reduction (zine and hydro- 
chloric acid or sodium and ethanol) yields the corresponding alcohols™. 
Catalytic hydrogenation results in the fermation of the pri: ary alcohol 
containing the same number of carbon atoms as the aldchyde as well as an 
alcohol containing twice the number of carbon atoms*!5. It has been suggested 
that the secondary alcohol is produced by the hydrogenation of an aldol 
which is formed by an initial »'dol condensation. 

A number of characteristic aldehyde reactions have been applied to the 
higher homologs. Hemiacetals have been prepared by the reaction of higher 


RCHO + R’OH -» RCHOHOR’ 


aldehydes with various alcohols®®.*6, Condensation of higher aldehydes 
with malonie acid leads to the formation of an unsaturated acid containing 
two additional carbon atoms*!?, g-Aminocaprie acid has been prepared by 
the addition cf ammonia to pelargonaldehyde followed by treatment with 
hydrogen cyanide then hydrolysis of the cyano compound**. Preparation 
of a number of higher alkyl cyanohydrins by the addition of hydrogen cyanide 
to aldehydes has been described 


RCHO + HCN + RCHOHCN 


Although higher aliphatic aldehydes have thus far been of slight com- 
mercial importance, it is not unlikely that their posicicn in this respect may 
improve with the discovery cf more satisfactory synthetic methods. Stabilizers 
capable of delaying polymerization of higher aldehydes would contribute 
considerably toward the expanded utilization of these chemicals. 


KETONES 

Higher aliphatic ketones, R,CO, like other fatty-acid derivatives which 
contain two organic radicals, may be classified as cither symmetrical or 
unsymnactrical. In the latter, one group may be either aliphatic or aromatic. 
Ketones containing higher aliphatic groups occur naturaily in oil of rue and 
in certain waxes. The compounds are also produced by the action of bacteria 
or moulds on fats. These do not, however, represent important sources of 
the higher ketones. 


160 


3 
= 


Ketones 


A number of reactions have been applied to the preparation of higher 
aliphatic ketones. One of the earliest procedures involves the heating of 
metallic soaps above their decomposition points. This process has been 
utilized in the preparation of both symmetrical®® and unsymmetrical 24 

(RCO,)Ca -+ R,CO + CaCO, 
ketones. Salts of calcium, barium, magnesium, lead, and other metals have 
been employed. A related and in general supericr process which has been 
applied to the preparation of aliphatic ketones consists of a liquid- or vapour- 
phase decarboxylation of fatty acids in the presence of metals or metallic 
oxides. Catalysts which have been employed in the liquid-phase process 
2 RCOOH -- R,CO + CO, + H,O 
include iron?** and various oxides**3. The vapour-phase conversion of fatty 
acids or their esters to symmetrical ketones in the presence of thoria has 
been described***, Esters of fatty acids may also be employed***. The 
vapour-phase process is especially adapted to the preparation of unsymmetrical 
ketones***, An excess of the lower acid is required to favour formation of 
the unsymmetrical kigher aliphatic ketone. Lower aliphatic ketone is a by- 
product of this process. Pyrogenic methods such as those listed above will 
probably ferm the basis for commercial production of higher aliphatic ketones, 
since the raw materials are inexpensive and the processing relatively simple. 

A number of other methods avaiiable for the synthesis of ketones are 
very much more satisfactory fer laboratory use. Of these the Grignarp 
reaction is probably most versatile, since both symmetrical and unsymmetcical 
ketones may be prepared by it. Because of the low yields of Grignarp 
reagent obtained from higher aliphatic halides, this method is most satis- 
factory for the preparation of unsymmetrical ketones containing a short- 
chain radical. Specifically, the reaction involves treatment of a GrigNaRD 
reagent with a nitrile or amide according to the following reactions; 


pi>C=NMgX ——> 


RCONH, + 2RMgX + (+ RH) C=0 + 


RCN + R’MgX > 


Obviously the nitrile reactions are to be preferred. Preparations have been 
described in which the GRIGNARD reagent is derived from aliphatic®® or 
aromatic halides™. 

Symmetrical higher aliphatic ketones have been prepared in high yields 
by means of the acetoacetic ester condersation using sodium ethoxide or 
mesitylmagnesium bromide as catalyst®, 

2 RCH,CO,R’ + NaOC,H, RCH,C—CCO,R’(+ C,H,0H + R’OH) 


sad 


ag (RCH,),CO + NeX + CO, + R’OH 


H, 


Two processes. the Friepe-Crarrs reaction and the Frirs rearrangement, 
which are restricted in their application to the preparation of the alkyl aryl 
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ketones, have been extensively applied to higher aliphatic derivatives. The 
FrrepeL-Crarts reaction, acylation of an aromatic ring by means of an 
acid chloride in the presence of a metallic chloride catalyst, may be illustraved 
by the following reactions in which benzene represents the aromatic compound. 


A 
RCOCI + AlCl, + C,H, > 


H,0 
RCOC,H, - AICI, (+ HCl) ——+ RCOC,H, + AICI, 


It is evident that the role of the aluminium chloride is not truly catalytic 
since a molecular equivalent is necessary. This procedure has been applied 
to the higher aliphatic acylation of a variety of aromatic compounds: benzene, 
toluene, xylene, biphenyl, naphthalene, anthracene, carbazole, thiophene, and 
others ®. 29, Although aluminium chloride is most commonly used, other 
metallic chlorides are effective in the Friepe.-Crarts reaction. The following 
commonly used chlorides are arranged in the order of their activity: AICI, 
FeCl,, ZnCl,, SnCl,, TiCl , Zrcl,*". Where the aromatic hydrocarbon is 
liquid, no solvent other than excess hydrocarbon is employed. Carbon 
disulfide or petroleum ether is commonly used where a solvent is required. 

The Fries rearrangement is a specific reaction for the acylation of 
hydroxy aromatic compounds and involves the rearrangement ot the ester in 
the presence of metallic chlorides: 


C,H,OCOR RCOC,H,0H 


The following mechanism has been proposed for this reaction: 
C,H,OCOR + AICI, > CH,OAICI, + RCOCI RCOC,H,OAIC, 


F,0 
+ HCl —+ RCOC,H,OH + AlCl, 


This procedure has been utilized in the preparation of hydroxyphenyl higher 
aliphatic ketones and the course of the reaction bas been rather extensively 
investigated under varying conditions**. 

The synthesis of unsymmetrical higher aliphatic ketones by the reaction 
of acid chlorides with dialkylzine has been reported**, This reaction may 
be represented as follows: 

2 RCOCI + Zn(C,H,), + 2 RCOC,H, + ZnCl, 


a«-Hydroxy ketones or acyloins are obtained by the condensation of two 
molecules of aliphatic ester in the presence of sodium: 


2H,0 
2 RCO,R’ + 4Na -+ RC=CR(+2R‘ONa) ——-> RCH—CR + 2 NaOH 
Nad ONs AH O 


Application of this reaction to esters of acids containing from four to eighteen 
carbon atoms has been reported**. The acyloins may be hydrogenated to 
yield glycols or oxidized to yield diketones. 

Known physical constants for the higher aliphatic ketones are largely 
limited to melting or freezing points and solubility data. Table 13 lists 
melting-point data for homologous series of typical higher aliphatic ketones. 
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Ketones 


Solubility data fer symmetrical aliphatic ketones in several organic solvents 
are listed in Table 14>. 

Higher aliphatic ketones undergo most of the reactions characteristic 
of carbonyl compounds. Reductive processes lead to the formation of secondary 
_alcohols or hydrocarbons. 
The former result from 
treatment with sodium and al 
an alcohol **2, 26, 335 or with Methyt | Ph 
a scdium alkoxide. Re- 


duction with amalgam- Heptyl....... 41-42° |—8-20°° 
39-25* 


58-59 
acid “* results in the produc- 57-8° 


Table 13— Melting points of ketones 


Unsymn_atrical 


ated zine and hydrochloric 


tion of hydrocarbons. This Undecyl 68-69 
may aiso be accomplished 69-3* 
by conversion of the ketone Tridecyl . . | 78-79 
77.9% 
to the dichloride by treat- _—. 
it] - Pentadecyl . . .. §3-7* 48 
ment wit a phosphorus pen- pHentadecyl 88-89 55 
tachloride followed by re- 7% 


duction with phosphonium Nonedecyl ..... 61 
Heneicosyl . .... 66-5 


iodide". Catalytic hydro- 
8-Heptadecenyl . . . 59-5 


genation produces both 


secondary alcohols and * Freezing point. f Questionable. 
hydrocarbons 

Oxidation of the higher ketones leads to rupture of the chain at the 
carbonyl group with formation of carboxylic acids. Oxidation of methyl 
alkyl ketones with dichromate has been described*™. **4, 3, This process 


Table 14—Sclubilities of ketones 
(grams per 100g solvent at 30°) 


Benzene Carbon tetrach'oride | Ethyl acetate 


Caprione 
Laurore } 
Myristone 
Palmitone 

Stearone . 


can be employed in the preparation of higher fatty acids containing an odd 


number of carbon atoms. 

Reaction of the higher ketones with Crianarp reagents proceeds in the 
normal manner to yield tertiary alcohols**. Addition of kydrogen cyanide 
to ketones results in the formation of cyanohydrins, which may be hydro- 
lyzed to the disubstituted glycolic acids*™, 

Stearone has been offered in limited commercial quantities and has 
shown promise as an antibloching agent in plastics, as an ingredient in wax 
formulations, and as a flatting agent in paint. Many uses for higher aliphatic 
ketones have been suggested in the patent literature (lubricating-oil additives, 
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wax substitutes, diclectric materials, intermedistes in uhe synthesis of surface- 
active agents). Although none of these uses has reached commercial pro- 
portions, the higher aliphatic ketones are fatty-acid derivatives whose 
properties suggest a promising future. 


DERIVATIVES GF THE HYDROCARBON CHAIN 
Although fatty-acid derivatives which result from modification of the car- 
boxyl group are probably of most interest, others which result from reactions 
involving the hydrocarbon chain deserve mention. Several such derivatives 
are available in commercial quantities. In the following discussion a reaction 
classification will be employed. Saturated and unsaturated fatty acids will 
be treated separately. 


REACTIONS OF THE SATURATED CHAIN 
The hydrocarbon chain of saturated fatty ecids is relatively inert. Only 
two reactions, halogenation and oxidation, are of sufficient importance to 
justify discussion. 


Halogenation 

Halogenation of the saturated higher fatty acids has been largely confined 
to chlorination and bromination reactions. Substitution of halogen for 
hydrogen is readily accomplished and is generally assumed to involve first 
an a-hydrogen. Preparation of the a-bromo derivatives of a number of 
higher fatty acids has been reported***, This zeaction is catalyzed by red 
phosphorus and results im the formation cf the «-bromo acid bromide which 
can be readily hydrolyzed to the a-bromo acid*®, 


P H,0 
RCH,CO,H + Br, ——» RCHBrCOBr (+ H,0) —+ RCHBrCO,H + HBr 


The a-bromo derivatives of the fatty acids are utilized in the preparation 
of other a-substituted derivatives such as a-amino, a-phenylamino™!, a- 
hydroxy *®, and a-cyano**?, 

Chlorination of esters of fatty acids in the presence of various catalysts 
(sulphur, phosphorus chlorides, chloroacetyi chloride) is epparently*® a 
more complex reaction than was formerly realized. Mixtures of esters of 
varying degrees of chlorination ure obtained. 


Oxidation 

Saturated fatty acids are resistant to oxidation aud require fairly vigorous 
treatment before reaction. The products of such reaction usually consist 
of complex mixtures of shorter-chain monocarboxylic acids, dicarboxylic 
acids, hydroxy acids, and lactones. Among the reagents which have been 
employed in the oxidation of saturated acids are air?"*, hydrogen peroxide*, 
and nitric acid**, g-Hydroxy acids are readily oxidized by potassium per- 
manganate in acetone to yicld the next lower homolog *, 


Reactions of the unsaturated chain 


REACTIONS OF THE UNSATURATED CHAIN 


Numerous derivatives have resulted from reactions of the hydrocarbon 
chain of unsaturated higher fatty acids containing cne or more double bonds. 
These reactions for the most part consist of additions to the double bonds 
or cleavage at the site of the double bond. Althouga certain of these veactions 
are of tremendous economic importance, only those which result in the 
production of chemical identities will be considered in the following dis- 
cussion. 


Halogenation 


Halogenation of an unsaturated aliphatic compound may be accomplished 
in one of three ways: addition of the free halogen, addition of hydrogen 
halide, and addition of hypohalous acid. The last reaction produces a halo- 
hydrin. 

Direct addition of halogen to unsaturated fatty acids is well known and 
forms the basis for the analytical determination for unsaturation, which 
is expressed as the Iodine Value. Isomeric 9,10-dibromostearic acids result 
from the bromination of oleic (cis-9-octadecenoic) and elaidic (trans-3-octadec- 
enoic) acids. The former dibromide melts at 2S-5-29-0° and the latter at 
29-30°*8, Polyunsaturated fatty acids react with halogens to form poly- 
halosaturated acids. However, the presence of conjugated double bonds 
results in markedly increased resistance to the addition. Bromination of 
linoleic acid (9,12-octadecadienoic acid) results in the formation of a tetra- 
bromide melting at 115-115-5°. Bromination of linolenic ecid (9,12,15- 
octadecatrienoic acid) yiclds a solid hexabromostearic acid melting at 183-7 to 
184-5°24%, 250. The solid bromostearic acids are used in the purification of 
linoleic and linolenic acids. The bromo acids cre readily purified by crystal- 
lization and the unsaturated acids ave recovered by debromination™. *, 
The resulting products contain 12-15% of isomeric acids believed to criginate 
during the debromination. 


ydrohalojenation 


Studies of the addition of hydrogen bromide to 10-undecenoie acid have 
shown that the direction of addition is determined by the presence of per- 
oxides*!, Presence of peroxides leads to the terminal addition of bromine. 
it has been reported that with hydrogen chloride and hydrogen iodide 
addition occurs only at the 10-position™, 


H ypohalogenation 


Addition of hypohalous acids to unsaturated fatty acids leads to the formation 
of balohydrins. The chlorohydrin®* and the bromohydrin®™ derived from 
oleic acid have been described. Treatment of a halohydrin with alkali results 
in conversion to an epoxide, hydrolysis of which yiclds a dihydroxystearic 
acid. Alcoholysis of the epoxide leads to the formation of the monoalkyl 
ether of a dihydroxystearic acid. 
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Addition of sulphur compounds 
Many investigations involving the sulphation or sulphonation of fatty ott 
stances have been reported, usually in connection with the preparation of 
surface-active agents. Sulphuric acid readily adds to double bonds to form 
the sulphuric ester which may be hydrolyzed to the hydroxyl compound. 


H,O 
—CH=CH-- + H,SO, + —CH,CH— ——> —Ch,CH— + H,SO, 


SO,H on 

Thus it is possible to prepave hydroxystearic acid from olcic acid. Evidence that 
the hydroxy] group is attached to the tenth carbon atom has been presented *55, 

Mention should be made of the addition of thiocyanic acid to unsaturated 
fatty acids. One double bond in linoleic acid and two in linolenic acid react 
with this reagent. Quantitative determination of the addition of both iodine 
and thiocyanic acid to mixtures of oleic, linoleic, and linolenic acids is used 
as a means for estimating the composition of the mixture™. 


Oxidation 
Oxidative reactions of unsaturated fatty substances are among t.eir most 
important reactions. The hardening of drying oils and the development of 
rancidity in edible fats are results of such oxidation of polyunsaturated fatty 
acids. Discussion of these reactions is beyond the scope of this writing. 

Oxidation of oleic acid usually results in the formation of $,10-epoxyoleic 
acid or 9,'0-dibydroxystearic acid or in the oxidative cleavage of the hydro- 
carbon chain, depending upon the oxidizing agent and the conditions of the 
reaction. Epoxidation of oleic acid and several of its derivatives by means 
of peracetic acid has been reported**’, Dihydroxystearie acid is readily 
prepared from oleic or claidic acid by the action of potassium permanga- 
nate*, > or of perbenzoic*® or peracetic (hydrogen peroxide in glacial 
acetic acid) * acid. The dihydroxy acid produced hy the alkaline permanganate 
oxidation is isomeric with that produced by the acidic oxidation. Permanganate 
oxidation may also lead to the formation of hydroxyketostearie acid*®, 

More vigorous oxidation of oleic acid or other monounsaturated fatty 
acids with permanganate ®®, with nitric acid***, or with chromic acid? leads 
to the cieavage of the hydrocarbon chain and the production of mixtures 
of mono- and dicarboxylic acids. Vanadium catalyst may be employed in 
the nitric acid oxidation®®’, Chromic acid oxidation is a basis for the 
commercial production of azelaic and pelargonic acids from oleic acid. Oxida- 
tion of ricinoleic acid (12-bydroxy-?-octadecenoic acid) with nitric acid 
leads to the format‘on of mixtures of suberic and azelaic acids together with 
short-chain monobasic acids, 

Ozonization of oleic and other mono-unsaturated acids effects cleavage 
of the hydrocarLon chain without further degradation of ths products. De- 
composition of the ozonide of oleic acid leads to the production of a mixture 
of pcelargonaldchyde, pelargonic acid, azelaic acid, and azelaic acid semi- 
aldchyde*®, If the decomposition is effected in strongly alkeline solution 
under cxidizing conditions, the aldehydes are further oxidized. In the case 
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of erucic acid high yiclds of petargonie and brass: tic acids are thus obtained 2, 
If the semialdehyde is desired decomposition of the ozonide is effected under 
reducing conditions **, 247, 


Hydrogenation 


Addition of hydrogen to the double bonds of unsaturated higher fatty acids 
is the basis for the commercial hardening of triglycerides. Since the products 
of hydrogenation reactions are fatty acids of a lesser degree of unsaturation, 
discussion of these acids is unnecessary. One such product which is com- 
mercially available should be mentioned, 12-hydroxystearic acid, obtained 
by the catalytic hydrogenation of ricinoleic acid. As the lithium salt this 
acid is employed in the fermulation of lubricating greases. 


Miscellaneous reactions 


A number of other addition reactions will be listed. Maleic anhydride adds 
to conjugated dienes, a reaction which forms the basis for the analytical 
determination of conjugation in highly unsaturated triglycerides. Mercuric 
acetate adds to the double bond of methyl oleate forming methyl 9(10)- 
Phosphorus- and arsenic-trichlor- 
ide addition products of unsaturated acids have been reported. 

Migration of the dovble bonds in unsatureted fatty acids has been the 
subject of numerous investigations. This migration is usually brought about 
by the use of catalysts at high temperatures and has been employed in the 
improvement of the drying qualities of oils containing linoleic acia. An 
examovle of particular interest which involves migration of the double bond 
ir. oleic acid is the fusion of this acid with alkali, resulting in the formation 
of palmitic acid*®, 

Polymerization of linoleic acid or its esicis is brought about by subjecting 
these substances to high temperatures in the absence of air. This polymeriza- 
tion is assumed to take place by way of the conjugated system resulting 
from the thermal treatmert of the dienoic acid*®. The polymerized acid 
so obtained is commercially available. Esters of this “dimer” acid are sug- 
gested as plasticizers, and the polyamide obtained by reaction of the acid 
with ethylene diamine™ is the basis foi a plastic coating. Several other 
types of amides and polyamides have been reported**. Nitriles and amines 
derived from the “dimer” acid have also been described*’, 

Derivatives of ricinoleie acid, the principal fatty-acid constituent of 
castor oil, are subject to pyrolyiic cleavage of the hydrocarbon chain. Products 
of the reaction are determined by the conditions employed. Castor oil, when 
heated, decomposes to yield heptanal, and 10-undecencic acid®*, This 
terminally unsaturated fatty acid is useful as a chemical intermediate. 
Acrolcin is also among the products of decomposition. Fusion of the sodium 
salt of ricinoleic acid produces sebacic acid, the ten-carbon-atom dibasic 
acid, octanol-2 (technical capryl alcohol) and methyl hexyl ketone**, Higher 
temperatures favour formation of the clcchol**, This process is the basis 
for the commercial production of these chemicals. Sebacic acid is used in 
the manufacture of polyamide-type aynthetic fibres. 
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